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ABSTRACT
Diversification and Speciation Across Sundaland and the Philippines:
The Effects of 30 Million Years of Eustatic Flux
Luke J. Welton
Department of Biology, BYU
Doctor of Philosophy
I highlight two squamate lineages endemic to Southeast Asia, the Asian water monitors
(Varanus salvator Complex) and the Angle-headed lizards (Agamidae: Gonocephalus), and
elucidate their systematic affinities and historical biogeography. My results represent novel
phylogenetic inferences, with biogeographic histories and diversification events corresponding to
major climatic fluctuations over the past 30 million years. Additionally, I solidify the taxonomy
and systematics of the Varanus salvator Complex, and enumerate more than a dozen
Gonocephalus lineages as candidate species in need of taxonomic scrutiny. Lastly, I investigate
contemporary and historical patterns of dispersal throughout Sundaland, and between Sundaland
and the Philippines.

Keywords: biogeography, Gonocephalus, Southeast Asia, species delimitation, Varanus salvator
complex
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Chapter 1
Multi-locus Phylogeny and genetic diversity of Philippine Forest Dragons (Agamidae:
Gonocephalus) bolsters squamate diversity in a Biodiversity Hotspot
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ABSTRACT: We utilize robust geographical genetic sampling, a multilocus dataset, and
coalescent-based species delimitation statistics to provide the first phylogenetic inferences of
relationships of Philippine Gonocephalus, combined with estimates of putative species diversity
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in this virtually unknown island radiation. Our results reveal startling levels of undocumented
taxonomic diversity, genetically partitioned at a number of geographic levels across the
archipelago. In this paper we present the first survey of genetic lineage diversity, and geographic
structure in a dynamic archipelago-endemic radiation. Philippine Gonocephalus previously have
escaped the scrutiny of biogeographers due to taxonomic confusion associated with a previous
lack of vouchered specimens in museum collections. With new vouchered material and genetic
sampling from a comprehensive, archipelago-wide vertebrate biodiversity inventory, our
findings join many recent studies highlighting the unprecedented faunal diversity in one of the
world’s most unique biodiversity conservation hotspots.

Keywords: Biogeography, Diversification, Islands, Integrative Taxonomy, Lizard, Reptile.

Introduction
Recent advances in molecular-based methods of species delimitation have allowed for
increasingly robust inferences of the diversity of fundamental units of biodiversity and
evolutionary history (Marshall et al., 2006; Leaché & Mulcahy, 2007), fostering in a new era in
biodiversity studies aimed at accurately estimating the species diversity of a given region (Wiens
& Penkrot, 2002; Knowles & Carstens, 2007; Rissler & Apodaca, 2007; Brown & Diesmos,
2009; Welton et al., 2010a,b; Barret & Freudenstein, 2011; Setiadi et al., 2011; Brown et al.,
2012; Welton et al., 2014). A number of coalescent-based species delimitation methods have
become standards in biodiversity studies, with an increasingly diverse set of approaches and data
types now the focus of integrative models for empowering species concepts with real data (Yang
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& Rannala, 2010; Fujita et al., 2012; Fujisawa & Barraclough, 2013; Grummer et al., 2013;
Solis-Lemus et al., 2015)
In order to approach species delimitation comprehensively and objectively, an initial best
practice “first step” is to apply a number of available data types (e.g., morphology, DNA
sequence variation, biogeographic expectations) to identify putative species clusters, This initial
discovery step can then followed by tests of hypothesized species splits using independent loci or
metrics of phenotypic or ecological variation. (Welton et al., 2013; Barley et al., 2013; Carstens
et al., 2013).
We apply a number of these methods to estimate the species boundaries and diversity
within a subset of the Southeast Asia agamid genus Gonocephalus. These conspicuous, mediumbodied lizards have ironically been absent from contemporary studies addressing patterns of
diversification, despite having a distribution spanning three Biodiversity Hotspots (Indochina,
Sundaland, Philippines; Myers et al., 2000).

1.2 Gonocephalus
The genus Gonocephalus is comprised of 17 recognized species and is distributed throughout
Southeast Asia from the Thai-Malay Peninsula and Greater Sunda islands to Borneo and the
Philippines (but see Teynié et al., 2004; Ananjeva et al., 2007; Manthey, 2010; Grismer, 2011).
To date, only five molecular phylogenetic studies have included samples of Gonocephalus
(Honda et al., 2000, 2002; Macey et al., 2000; Schulte et al., 2004; Pyron et al., 2013). At the
time of these studies the taxon robinsonii was assigned to the genus Gonocephalus, though this
problematic placement (see below) was rectified by Manthey et al. (2015) who erected a novel
genus for the taxon, Malayodracon. Honda et al. (2002) examined karyotype variation within
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Gonocephalus and used ribosomal RNA to infer the relationships among just four of the species
in this genus (G. miotympanum [now synonomized with G. bornensis; Manthey & Denzer,
1992], G. grandis, G. chamaeleontinus, and M. robinsonii). Macey et al. (2000), and Schulte et
al. (2004) incorporated just a single sample within the genus (G. grandis), while Honda et al.
(2000) and Pyron et al. (2013) included only four taxa (G. chamaeleontinus, G. miotympanum,
G. grandis, and M. robinsonii, and G. chamaeleontinus, G. kuhlii, G. grandis, and M. robinsonii,
respectively). The three previous studies incorporating multiple Gonocephalus taxa, regardless of
the molecular markers and analyses applied (mitochondrial DNA [mtDNA; Honda et al., 2000],
ribosomal RNA [Honda et al., 2002], or mtDNA and nuclear loci [nuDNA; Pyron et al., 2013])
recovered a monophyletic Gonocephalus. In all studies, M. robinsonii was inferred to be a
distantly related lineage to the well-supported Gonocephalus clade.
Manthey & Denzer (1991) conducted the only genus-wide survey of morphological
variation, and included all of the recognized taxa at the time of their study. Their work resulted
in the designation of five phenotypically similar “morpho-groups” (generalized distribution of
each taxon follows in parentheses): (1) the belli Group consisting of Gonocephalus bellii (ThaiMalay Peninsula), G. beyschlagi (Sumatra), G. bornensis (Borneo), G. interruptus (Philippines),
G. liogaster (Borneo, Thai-Malay Peninsula), G. semperi (Philippines), and G. sophiae
(Philippines); (2) the grandis Group consisting only of G. grandis; (3) the chamaeleontinus
Group consisting of G. abbotti (Thai-Malay Peninsula), G. chamaeleontinus (Thai-Malay
Peninsula, Sumatra), G. doriae (Borneo), and G. kuhlii (Java, Sumatra); (4) the megalepis Group
consisting of G. klossi (Sumatra), G. lacunosus (Sumatra), and G. megalepis (Sumatra); and (5)
the robinsonii Group consisting of Malayodracon robinsonii (Thai-Malay Peninsula; Manthey et
al., 2015) and G. mjobergi (Borneo). Although the inter-relationships among these groups were
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not posited, the groupings themselves provide reasonable hypotheses for sub-generic affinities
within Gonocephalus. Given the morphological variation within the genus, marked sexual
dimorphism in most species, the preference for forested habitats, and a distribution spanning one
of the most biologically diverse and geologically complex regions on the planet, Gonocephalus
represents an un-tapped system for studying patterns of faunal diversification, regional
adaptation, and historical biogeography of southeast Asia (Woodruff, 2010; Lohman et al., 2011;
Brown et al., 2013).
In the Philippines, three species of Gonocephalus currently are recognized: G. interruptus
(Boulenger, 1885), G. semperi (Peters, 1867), and G. sophiae (Gray, 1845). Unfortunately, the
type localities (Peters, 1867; Gray, 1845; Boulenger, 1885) for these taxa were listed only as
“Philippines,” a problematic situation given the insular nature of the country (comprised of more
than 7,000 islands) and the ever increasing levels of documented vertebrate endemism
corresponding to individual islands or island groups (Brown & Diesmos, 2009; Brown et al.,
2013). Taylor (1923) restricted the type locality of G. interruptus to Mindanao Island, stating
that “[the] type of this species was collected in Mindanao and presented to the British Museum
by G. Taylor...” (Taylor did not provide a source for this information; Taylor, 1922).
Additionally, Taylor hinted at the problematic nature of the characters used to define these
species, even going so far as to refer to Peter’s 1867 description as “very meager” (Taylor 1922:
135). Modern morphological analyses comparing the phenotypes of the type material with that of
specimens of known provenance is required, and will likely result in more specific designations
for the type locality of each taxon (Dixon & Kluge, 1964; Bauer & Russell, 1986). Although no
Philippine samples have been included in molecular phylogenetic studies to date, the work of
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Manthey & Denzer (1991) provided a reasonable hypothesis for the relationship between
Philippine and non-Philippine taxa.
The combination of Philippine Gonocephalus being such a poorly understood group, and
the Philippines increasingly being recognized as a hotspot of terrestrial vertebrate diversity
(Catibog-Sinha & Heaney, 2006; Brown et al., 2013), renders Philippine Gonocephalus a
particularly intriguing system for a survey of genetic variation. The past several decades have
seen a resurgence in studies aimed at understanding the evolutionary history and patterns of
diversification across a wide range of vertebrate taxa endemic to the country, resulting in the
description of more than 53 reptile (Uetz & Hošek, 2015) and nearly 15 amphibian (Frost, 2015)
species alone over the last 15 years alone (Brown et al., 2002, 2013). This trend will likely apply
to Philippine Gonocephalus given the genus’ largely riparian ecology, presumably low vagility,
and reliance on primary or secondary growth forest.
In this study we utilize a novel multi-locus phylogenetic dataset to identify candidate
lineages that may correspond to the named Philippine taxa (Gonocephalus interruptus, G.
semperi, and G. sophiae), and additional lineages (putative species) in need of future,
comprehensive taxonomic scrutiny. We elucidate geographic patterns of lineage diversification
in Gonocephalus, and assess the degree to which observed patterns correspond to climate- driven
partitioning along Pleistocene Aggregate Island Complexes (PAICs; Heaney, 1985; Brown &
Diesmos, 2002, 2009). This work represents the first exploration of phylogenetic evidence in
support (relative to the morphological groupings of Manthey & Denzer, 1991) of the taxonomic
recognition of isolated insular lineages of Philippine Gonocephalus, and our results stand as
reasonable hypotheses for the assessment of underestimated species diversity in this enigmatic
island archipelago clade.
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Fig. 1. Distribution of Gonocephalus species used in this study across (A) Sundaland and (B) the Philippines.

Materials and Methods
2.1 Taxon sampling and data collection
Our combined dataset consists of an alignment of 4,732 bases for 146 samples (Supplemental
Table 1). Of the ingroup samples, 91 individuals were sampled by us in the Philippines; the
remaining individuals (n=55) have been sampled from populations in West Malaysia and
Sarawak (Borneo; Fig. 1, Supplemental Table S1). This sampling represents eight of the 16
recognized species of Gonocephalus, including: G. interruptus, G. semperi, and G. sophiae
(Philippines); G. abbotti, G. belli, G. chamaeleontinus, and G. grandis (West Malaysia); and G.
bornensis (Sarawak, Borneo). We sequenced one mitochondrial locus, NADH dehydrogenase
subunit 2 (ND2), five protein-coding nuclear loci: brain-derived neurotrophic factor (BDNF),
diacylglyceral lipase-alpha (DGL-α), beta-nerve growth factor (NGFB), prostaglandin E
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receptor 4 (PTGER), and synuclein, alpha interacting protein (SNCAIP), and one anonymous
nuclear locus (L54; Alföldi et al., 2011). To explore the monophyly of our sampled ingroup taxa
(see Honda et al., 2002; Pyron et al., 2013), and root our phylogenetic inferences, we included
eight agamid samples as outgroups: Acanthosaura capra, A. lepidogaster, Ceratophora aspera,
Cophotis ceylanica, Japalura polygonata, Lyriocephalus scutatus, and Salea horsfieldii. For
each of these taxa, published mtDNA sequences were available on GenBank (Supplemental
Table S1).

2.2 Sequence alignment and phylogenetic analyses
Initial alignments were produced with the MUSCLE (v3.831; Edgar, 2004) algorithm
implemented in GENEIOUS (v5.5.6; Drummond et al., 2011), with manual adjustments made in
MESQUITE (v2.75; Maddison & Maddison, 2011) to ensure proper reading frame and the
absence of internal stop codons.
Table 1. Partitioning scheme and models of evolution for each locus inferred by jModeltest (v0.1.1;
Posada, 2008). Codon position for each locus within a partition is in parentheses.
Partition
ND2 (1st position)
ND2 (2nd position)
ND2 (3rd position)
PTGER
NGFB
BDNF
DGL-α
SNCAIP
L54

AICpreferred
model
GTR+I+Γ
GTR+I+Γ
GTR+I+Γ
HKY
GTR+Γ
HKY+I
GTR+Γ
GTR
HKY+I

BICpreferred
model
HKY+Γ
HKY+I+Γ
GTR+I+Γ
HKY
K80+Γ
K80+I
K80+I
HKY
HKY+I

Model
Implemented
(RAxML)
GTR+I+Γ
GTR+I+Γ
GTR+I+Γ
GTR+I+Γ
GTR+I+Γ
GTR+I+Γ
GTR+I+Γ
GTR+I+Γ
GTR+I+Γ

Model
Implemented
(BEAST/*BEAST)
HKY+Γ
HKY+I+Γ
GTR+I+Γ
HKY
HKY+Γ
HKY+I
HKY+I
HKY
HKY+I

We used jModelTest2 (v2.1.4; Guindon & Gascuel, 2003; Darriba et al., 2012) to assess
the best-fit model of sequence evolution for each locus (Table 1), and for each codon position
within the mitochondrial locus. The Bayesian Information Criterion (BIC) was used for model
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selection in an effort to accommodate variable sample sizes among lineages. Partition by nuclear
locus, and by codon position within mitochondrial loci, has proven robust across a number of
phylogenetic studies on agamids (Smith et al., 2011; Pepper et al., 2014; Siler et al., 2014b).
We first estimated the phylogeny for each locus independently (RAxML-VI-HPC
[v7.5.4; Stamatakis, 2006]) to investigate potential conflict among loci. Due to the absence of
well-supported topological conflicts, subsequent analyses were conducted under three
partitioning strategies, two of which treated each nuclear locus as a separate partition, but with
the mitochondrial locus treated either as a single partition or with each codon position modeled
separately, and the last partitioning approach involving the combination of the data into two
partition (single nuclear, and single mitochondrial). Maximum Likelihood analyses were
conducted in RAxML-VI-HPC (v7.5.4; Stamatakis, 2006). Due to implementation restrictions,
we applied the most complex model of evolution (GTR + I + Γ) to all subsets and ran 1000
replicate ML inferences, each initiated with a random starting tree utilizing the rapid hillclimbing algorithm of Stamatakis et al. (2007, 2008). Clade support was then assessed with 1000
bootstrap pseudoreplicates.
We estimated phylogenetic relationships in a Bayesian framework with BEAST (v1.8.1;
Drummond & Rambaut, 2007; Drummond et al., 2012). Yule tree priors were applied and five
exploratory analyses of 10 million generations each were run to assess potential variability in
searched parameter space. A final 500 million generation analysis was run, with sampling every
50,000 generations. TRACER (v1.5; Rambaut & Drummond, 2007) was used to assess run
stationarity and reasonable burnin duration (conservatively, 20%), and to ensure that effective
sample sizes (ESS) were greater than200. All input xml files and prior information were
deposited at Data Dryad (doi: XXXX).
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2.3 Candidate species discovery and species tree estimation
In addition to assessing the support for monophyly of lineages in phylogenetic inferences, we
employed three additional coalescent-based approaches for delimiting species or visualizing
population-level genetic diversity using molecular data. First, we estimated haplotype diversity
and population genetic structure for mitochondrial and concatenated nuclear datasets using the
NeighborNet algorithm in SplitsTree (v4.12.8; Huson & Bryant, 2006). For nuclear loci we
explored the effect of using a standardized distance matrix created in Pofad (v1.03; Joly &
Bruneau, 2006), which uses multiple loci to infer allelic variation resulting from population
dynamics (Posada & Crandall, 2001; Cassens et al., 2005; Zarza et al., 2008). With these
networks, the underlying patterns of spatially partitioned genetic variation and equally
parsimonious inferences can be illustrated effectively (Cassens et al., 2003).
Second, the mtDNA dataset was analyzed with MEGA5 (v5.2.2; Tamura et al., 2011) to
assess mean pairwise genetic distances between populations. Lineages were identified on the
basis of monophyly and relative divergence (ML and Bayesian analyses; Fig. 1), with
corresponding distinct clusters inferred with network analyses (Supplemental Figure 1), resulting
in the identification of at least 12 putative species initially postulated.
Lastly, based on the results of the above analyses we estimated the species tree for the
sampled species of the belli Group (Philippine lineages + Gonocephalus belli and G. bornensis)
with *BEAST (v1.8.1; Drummond & Rambaut, 2007; Drummond et al., 2012), using (1) only
phased nuclear data (phased with DNaSP, [v5.0; Librado & Rozas, 2009]), or (2) phased nuclear
and mitochondrial data. Sequences were assigned to one of 14 a priori species/putative species
based on the results from phylogenetic, network, and genetic divergence analyses, but to aid in
computational efficiency we reduced the full dataset down to two samples per lineage. We ran
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*BEAST with nuclear data alone, as well as with all data divided into single concatenated
nuclear and mitochondrial partitions. We applied the best-fitting model of nucleotide substitution
for the concatenated nuclear dataset (jModelTest [v2.1.4; Guindon & Gascuel, 2003; Darriba et
al., 2012]; Table 1), and the most complex model previously inferred for the mitochondrial data.
We utilized a strict clock and a Yule tree prior for all analyses—the Yule prior was used due to
no evidence of extinction for Gonocephalus (evidenced by a lack of fossils positively attributed
the genus or closely related taxa). We ran a single 1.0 x 109 generation-analysis for each dataset,
sampling every 100,000 generations. TRACER (v1.5; Rambaut & Drummond, 2007) was used to
assess run stationarity and reasonable burnin length (conservatively, 20%), and to ensure that
effective sample sizes (ESS) were greater than 200.

3. Results
3.1 Sampling, genetic diversity, and phylogenetic inference
Phylogenetic analyses of the combined, partitioned dataset resulted in a topology with a no fewer
than 12 well-supported, divergent lineages of Philippine Gonocephalus (Fig. 2 + Mt. Isarog and
Mt. Malinao). While the inter-relationships among some of these populations could not be
resolved, the monophyly of the lineages themselves is supported by likelihood bootstrap (≥ 70%)
and posterior probabilities (≥ 0.95; Fig. 2).
The support for relationships amongst all other Gonocephalus is similar to those in the
Philippines (Supplemental Figure 2), with individual lineages supported as monophyletic, but
with little resolution deeper in the tree. Malayodracon robinsonii is recovered on a long branch,
nested among G. grandis, G. abbotti, and G. chamaeleontinus (Supplemental Figure 2). This
relationship confounds previous systematic inferences, but lacks statistical support, and is likely
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Taxon/
population
abbotti
bellii
borneensis
chamaeleontinus
grandis
Luzon
Mt. Isarog
Mt. Malinao
Mindoro
Negros-Panay
Cebu
Samar-Leyte
Bohol
Camiguin Sur
NE Mindanao
S Mindanao
Zamboanga

–
0.25
0.23
0.15
0.39
0.26
0.25
0.25
0.25
0.28
0.24
0.25
0.25
0.27
0.24
0.25
0.24

–
–
0.17
0.24
0.33
0.20
0.19
0.19
0.19
0.23
0.18
0.19
0.18
0.21
0.18
0.19
0.18

–
–
–
0.21
0.37
0.14
0.14
0.12
0.12
0.17
0.13
0.17
0.17
0.21
0.16
0.18
0.17

–
–
–
–
0.38
0.23
0.22
0.23
0.23
0.26
0.23
0.24
0.23
0.25
0.22
0.24
0.23

–
–
–
–
–
0.39
0.38
0.38
0.37
0.39
0.38
0.38
0.38
0.39
0.38
0.39
0.38

–
–
–
–
–
–
0.05
0.05
0.07
0.11
0.07
0.19
0.18
0.22
0.18
0.19
0.19

–
–
–
–
–
–
–
0.05
0.06
0.10
0.06
0.19
0.19
0.21
0.18
0.19
0.19

–
–
–
–
–
–
–
–
0.08
0.11
0.08
0.19
0.18
0.22
0.18
0.20
0.18

–
–
–
–
–
–
–
–
–
0.12
0.06
0.18
0.17
0.22
0.17
0.19
0.18

–
–
–
–
–
–
–
–
–
–
0.12
0.21
0.20
0.24
0.21
0.22
0.21

–
–
–
–
–
–
–
–
–
–
–
0.18
0.17
0.21
0.17
0.19
0.18

–
–
–
–
–
–
–
–
–
–
–
–
0.07
0.11
0.07
0.07
0.06

–
–
–
–
–
–
–
–
–
–
–
–
–
0.10
0.07
0.08
0.07

–
–
–
–
–
–
–
–
–
–
–
–
–
–
0.07
0.06
0.11

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
0.04
0.08

–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
–
0.08
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Table 2. Pairwise sequence divergence between recognized and putative species of Gonocephalus identified through phylogenetic
and network analyses based on the mitochondrial ND2 locus.

the result of either poor taxon sampling or the application of only mitochondrial data for M.
robinsonii samples. Gonocephalus (as it is currently recognized) is recovered as a monophyletic
group, with two major divisions: a predominately Philippine clade and a Sundaland clade. The
Philippine clade presumably contains the named taxa G. interruptus, G. sophiae, G. semperi
(with the caveat that these available names have not yet been assigned to clades); it also consists
of seven other equally-divergent unnamed clades/putative undescribed species arranged into two
primary groups: a north-central subclade, and a southern subclade. Gonocephalus bellii and G.
bornensis form a clade sister to the north-central Philippine subclade (Fig. 2, Supplemental
Figure 2).
The other primary division within Gonocephalus, is the Sundaland clade, comprised of
G. abbotti, G. chamaeleontinus, G. grandis, G. abbotti, and (Supplemental Figure 2).
Gonocephalus bellii is inferred as the sister lineage to a clade including G. bornensis and the
north-central Philippine clade (lineages from Cebu, Luzon, Mindoro, Negros, Panay, and Polillo
islands; Fig. 2, clades I, II and III). Interestingly, samples from Polillo Island fail to form a
monophyletic unit, but rather are recovered in multiple places within a larger “Luzon” clade (Fig.
2, clade IV). Additionally, the isolated volcanoes on the Bicol Peninsula of Luzon, Mt. Isarog,
and Mt. Malinao, each form their own divergent monophyletic lineage (Fig. 2, Clade IV).
The remaining southern clade is exclusively Philippine, and consists of major lineages from
Bohol, Camiguin Sur, Leyte, Mindanao, and Samar islands. Samar and Leyte form a clade that is
sister to Bohol (Fig. 2, clades V and VI), and all three are sister to lineages from Mindanao and
Camiguin Sur islands. Camiguin Sur is nested among three divergent Mindanao clades
(northeast, south, and west). Although each of these represents a well-supported monophyletic
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group, we only found moderate support for relationships among these lineages (Fig. 1, clades
VIII, IX, and X).

G. bellii
G. bornensis

I
II

ELR640

ELR641
CWL1765
CWL066

CDS1765
CDS1766

GVAG262
RMB6494
MG001

CDS1570

III

CDS1530
CDS4385
CDS4387
CDS4339
CDS4386

RMB3879
RMB3896

Mt. Isarog

RMB3380

Mt. Malinao

RMB3447
RMB12568

IV
V

RMB12659
DSB4320

RMB9868
RMB9870
RMB9869
RMB8877
RMB4102

Polillo

RMB4103

RMB10549
RMB6244

PHILIPPINES

RMB8876

Polillo

RMB10550

VI

ACD4593

Luzon

RMB10548
ACD4592
RMB3706
RMB3705
RMB3620
ACD866

USNM222388
ACD865

ACD1500
RMB4357
CDS2774

Polillo

CDS2863
CDS2951

Leyte
Samar

VII

CDS4718
CDS4715

VIII

CDS4934
CDS4937
CDS4720
CDS4724

ACD3804

RMB11532

Mindoro

RMB11535
ACD3805

RMB10099
RMB11529

Samar

RMB9128

IX

RMB10170
RMB10095
ACD3806

RMB10130

Panay

RMB9385

RMB11700

Leyte

RMB10097
RMB9388

Cebu

RMB10248
ACD3931

Bohol
Palawan

ACD4143

X

ACD4019

Negros

ACD3998
ACD3925
EMD254

RMB8061

Camiguin Sur

RMB8135

XI

RMB8133

Mindanao

Bayesian and ML support

RMB8216
RMB8248
RMB8249
H1603

Bayesian support
ML support

CDS5083

CDS5084
ACD5360
CDS5090

XII

CDS5511
CDS5089

ACD5158
ACD5748
ACD5457

0.0080

ACD5327
ACD5282
CDS5510

Fig. 2. Maximum Likelihood estimate of phylogenetic relationships among Philippine Gonocephalus with
Likelihood bootstrap and Bayesian posterior probability nodal support indicated with open, shaded, or filled
circles (see key).
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3.2 Candidate species discovery and species tree inference
Network analyses of the mitochondrial and combined datasets differed in their resolution, with
the mitochondrial network, yielding patterns of diversity similar to phylogenetic analyses
(Supplemental Figure 1). These analyses identified 12 putative lineages in the Philippines, with
the uncorrected pairwise distance among them ranging from 4–24% (mean = 14.1 and mode =
19%; Table 2). Camiguin Sur and Samar-Leyte populations were the most divergent from one
another, while lineages from southern and northeastern Mindanao (Agusan and Cotobato) were
the least divergent.

Fig. 3. Coalescent-based species tree estimation for Philippine Gonocephalus and sampled members of the bellii
Group. Nodes with black circles indicative of posterior probabilities ≥ 95 for inferences derived from (A) nuclear +
mitochondrial data, and (B) nuclear data only. Open and gray circles indicate support under Yule and birth-death
tree priors, respectively.
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The topologies resulting from *BEAST species tree analyses were generally equivalent,
but with varying nodal support (pp ≥ 95). Of note is the inferred relationship between Philippine
Gonocephalus and the other sampled members of the belli Group (G. bellii and G. bornensis).
Nuclear data alone recovered G. bellii as the sister taxon to the remaining lineages in the
northern Philippines (Fig 3; B). Gonocephalus bornensis was recovered nested within this
Philippine clade, although its exact placement remains unresolved. The topology inferred from
the combined nuclear and mitochondrial dataset placed G. bornensis as the first-branching
lineage of a clade consisting of G. belli sister to the northern Philippine lineages (Fig. 3; A),
although this relationship was only supported under a Yule tree prior (birth-death prior support =
0.602). Similarly, the lineage from Mt. Malinao was strongly supported by the nuclear data
alone, but was only supported under the birth-death tree prior when the mitochondrial data were
included (Yule prior support = 0.665). Topologies recovered from the nuclear data alone were
generally better resolved than those obtained with the inclusion of mitochondrial data. We
recovered a species tree with a well-supported basal divergence between the north-central
Philippine (+ belli and bornensis) lineages and a phylogenetically distinct southern clade.
Additionally, as in the concatenated phylogenetic inference, the inter-relationships among these
lineages could not be resolved. Finally, the lineages from Bohol, Samar, and Leyte islands were
recovered with consistent support across datasets and tree priors, although the phylogenetic
affinities among these and lineages from Mindanao and Camiguin Sur remain unresolved (Fig.
3).
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4. DISCUSSION
4.1 Taxon sampling
Our results provide the first inferences into the evolutionary relationships, patterns of
diversification, and putative taxonomic diversity of the Philippine radiation of Gonocephalus.
Nevertheless, there is cause for continued investment in Gonocephalus phylogeny, as some
relationships remain unresolved. Additionally, despite our extensive geographic sampling, there
remain a number of Philippine populations or localities that have yet to be sampled, namely the
deep water islands and smaller island complexes of the archipelago (e.g. Siquijor and the
Romblon Island Complex). Given the isolation of these landmasses and the patterns of genetic
diversity documented here, it remains possible that these isolated islands may harbor additional
diversity. Our results underscore the utility of surveys utilizing robust geographical sampling,
even if employing only limited gene sampling, as an exploratory first step to uncover geographic
variants, population structure, highly divergent genetic lineages, and/or possible undescribed or
cryptic species. This kind of first-pass genetic survey will, by definition, require additional,
continued study. In our case, an obvious next step is an associated survey of morphological
variation aimed at corroborating inferred patterns of genetic diversity reported here. We expect
future studies—incorporating more thorough taxonomic sampling from throughout the genus and
utilizing genomic-level sequence data—will solidify estimates of evolutionary history and
taxonomic diversity within the genus.

4.2 Phylogenetic inference and genetic diversity
The Philippine radiation of Gonocephalus is comprised of no fewer than twelve divergent, wellsupported lineages. Although additional comparative investigations of the type material (and

17

specimens for which molecular data are available) will be required to identify which of these
lineages corresponds to named taxa, we have conservatively identified nine additional lineages
(12 total) as the focus for future taxonomic studies.
Our phylogenetic inference supports the presence of two deeply divergent clades in the
Philippines: (1) a north-central clade containing both non-Philippine taxa Gonocephalus bellii
(West Malaysia) and G. bornensis (Borneo), and lineages from the Visayan (Cebu, Panay and
Negros) and Luzon (Luzon and Polillo) PAICs, and Mindoro Island; and (2) a southern clade
containing lineages from the Mindanao PAIC (Mindanao, Samar, Leyte, Bohol, Camiguin Sur.
The inability of our data to resolve the relationships among major lineages is likely due to: (1)
this radiation diversified too rapidly to be confidently resolved (McGuire & Heang, 2000;
Stanley et al., 2011); or (2) it has diversified gradually but represents a relatively young radiation
in which the portions of the genome we targeted have not accumulated the necessary level
changes to fully resolve relationships. It seems somewhat unlikely that the application of more
data to this system would yield additional systematic resolution given the inability of
mitochondrial data, with its relatively rapid coalescent time and level of informativenes, to
resolve these relationships (especially when coupled with nuclear loci). However, future studies
would be best served employing genomic-level data in an effort to resolve the phylogenetic
affinities among Philippine Gonocephalus.
The levels of genetic divergence recovered amongst Philippine lineages are similar to
those seen between other closely related agamid species (Melville et al., 2009; Siler et al.,
2014b). The putative species identified by us are all at least 4% divergent from one another at the
ND2 locus (most much more divergent), indicating allopatric circumscription of ranges in most
cases, a finding that is not surprising given the insular nature of most Philippine lineages. One
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interesting finding is the observation that lineages most proximate geographically, do not exhibit
the lowest levels of divergence (Table 2). The isolated populations from the Isarog and Malinao
volcanoes of the Bicol Peninsula (Luzon Island) are >5% divergent from one another, despite
being separated by < 35 km. This contrasts with the least divergent lineages from northeastern
and southern Mindanao which are divergent by ~4% and separated by several hundred
kilometers.

4.3 Candidate species discovery
We used multiple methods to discover and delimit putative species with multilocus data. Across
all analyses and dataset configurations (nDNA vs. mtDNA+nDNA), we inferred the presence of
at least 12 divergent, monophyletic lineages. Given that three of these most likely will be shown
to correspond to the three currently named taxa, the remaining nine represent novel discoveries
of candidate species warranting further taxonomic study. Additional morphology-based (and
possibly additional analyses of ancient DNA) will be required to positively identify the lineages
corresponding to the named taxa (interruptus, semperi, and sophiae), as well as corroborate the
distinctiveness of the nine additional lineages identified here.
Despite the inability of our species tree estimations to fully resolve the relationships
among Philippine lineages or between those and lineages from Borneo (Gonocephalus
bornensis) and West Malaysia (G. bellii), the results unambiguously support our strong suspicion
of some level of unrecognized diversity. We would expect that the discrepancies between the
relationships inferred from nuclear-only and nuclear + mitochondrial topologies would most
likely be due to stochastic sorting of ancestral polymorphisms rather than introgression, because
of the geographic distance between G. belli, G. bornensis, and the northern Philippine lineages.
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If introgression were the cause, one might expect the presence of a contact zone, or geographic
ranges separated by relatively short dispersal distances (Barbujani et al., 1994), neither of which
seem possible given geographic ranges of the species involved. Similarly, the relationships
inferred from the nuclear data alone are most plausible biogeographically, with species from
Borneo (G. bornensis) most closely related to Philippine lineages, although it must be noted that
our taxon sampling for this study represents roughly half of the described diversity in the genus,
and only five of the seven described species in the belli Group.
The species boundaries for the three endemic Philippine species, Gonocephalus
interruptus, G. semperi, and G. sophiae, are unknown due primarily to their type localities being
listed only as “Philippines” (Boulenger, 1885; Gray, 1845; Peters, 1867).Taylor (1922) restricted
the type locality of G. interruptus to Mindanao Island, but did so on the basis of few specimens.
Taylor (1923) later noted of a specimen referred to interruptus from Pasonanca (SW Mindanao
Island) that “it would appear that certain specific characters of Peter’s Gonyocephalus semperi
are incorporated in this specimen.” Indeed, specimens referred to the taxon semperi have been
reported from eastern and western Mindanao (Taylor, 1922, 1923) and Mindoro Island
(Manthey, 2010). Our contemporary samples from these localities are distantly related
phylogenetically (Figs. 1, 2), including those samples from eastern and western Mindanao.
Similarly, the taxon sophiae has been recorded from Luzon (Taylor, 1917; Manthey, 2010),
Negros (Taylor, 1922; Manthey, 2010), and Panay islands (Manthey, 2010), and samples from
Panay and Negros are recovered in a clade distinct from those of Luzon. The third taxon,
interruptus, has been recorded from Mindanao (Taylor, 1922, 1923; Manthey, 2010), and
Dinagat, Bohol, Samar, and Leyte islands (Manthey, 2010). The contrast between the reported
disjunct distributions of Philippine taxa, and the topological patterns and inferred monophyly for
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Philippine samples, that previous researchers have been mislead as to the taxonomic identity of
the available material.

4.4 Biogeography
The most fundamental phylogenetic split within Philippine Gonocephalus conforms to a pattern
observed in a number of other studies, in that populations from the Mindanao PAIC (Mindanao,
Samar, Leyte, Bohol) form a distinct monophyletic evolutionary group sister to the central and
northern island populations of the archipelago. This northwest–southeast split has been
documented in birds (Anderson et al., 2013; Hosner et al., 2014), mammals (Heaney, 1986;
Esselstyn & Brown, 2009), and numerous other herpetofaunal elements (Brown & Diesmos,
2002; Barley et al., 2013; Linkem et al., 2010; Siler & Brown, 2010; Siler et al., 2010a,b;
Welton et al., 2013; Gonzalez et al., 2014; Siler et al., 2014a,b), and in part corresponds to
patterns of island connectivity during the last glacial maxima (Brown & Diesmos, 2009).
Interestingly, the patterns of diversification observed among Philippine Gonocephalus
correspond to a variety of geological patterns. Distributions of major lineages fail to partition
along Eastern and Western island arcs (Hall, 1996, 1998; Yumul et al., 2003, 2009), a dominant
pattern of diversification observed in Philippine radiations that have origins in Sundaland
(Brown et al., 2013; Brown & Siler, 2014). However within these clades we do see partitioning
between eastern and western Mindanao (along the Cotabato Trench), and an apparent boundary
along the Philippine Fault in central and southeast Luzon, separating the Bicol Peninsula from
the rest of the island. Additionally, Gonocephalus has yet to be recorded from Palawan or the
Calamian Islands, a distribution pattern that was considered anomalous under the Palawan-asbiogeographic-extension-of-Borneo perspective of the recent past (Esselstyn et al., 2010;
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Blackburn et al., 2010; Siler et al., 2012; Brown et al., 2013). This is potentially an artifact of
Palawan having previously (~10–20 Ma; Hall, 2013) been substantially more isolated (and
possibly more difficult to colonize) northeastern position in the South China Sea (Hall, 2013). It
is however conceivable that Gonocephalus does occur on Palawan, but has yet to be documented
(or has gone extinct), highlighting the importance of continued faunal surveys throughout the
Palawan PAIC.
Within the two major clades, divergent lineages are distributed on islands (Cebu,
Mindoro, Bohol), island complexes separated by shallow seas (Panay/Negros, Samar/Leyte), or
individual geological components of larger islands (west, northeast, and southeast Mindanao, or
the volcanoes of the Bicol Peninsula [Mts. Isarog and Malinao] versus the remaining Luzon
Island). The close, population-level relationships of both Panay–Negros and Samar–Leyte
residents has been documented in skinks (Linkem et al., 2010; Barley et al., 2013), geckos (Siler
et al., 2010a,b, 2014a), monitor lizards (Welton et al., 2013), and sailfin dragons (Siler et al.,
2014b) among others. At first glance, the expectation of pure PAIC-level faunal structuring
would predict that the West Visayan PAIC islands of Panay, Negros, and Cebu (conjoined many
times during the mid- to late-Pleistocene), would support minimally divergent and closely related
lineages, as would the Mindanao PAIC islands of Bohol, Samar, Leyte, and Mindanao. However,
within these landmass amalgamations and recognized faunal regions (Brown and Diesmos, 2009)
we see highly distinctive populations from Cebu and Bohol islands. Additional historical events,
bouts of colonization, and/or ecological factors may explain these non-intuitive patterns (Brown
et al., 2013; Hosner et al., 2014).
The southern clade exhibits a north–south split between populations from Samar, Leyte,
and Bohol, versus those from Mindanao and Camiguin Sur islands. Perhaps most interesting in
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this clade are the patterns of diversification within Mindanao itself. The affinity between
Camiguin Sur and southeast Mindanao (Cotabato coast and Davao) is somewhat surprising, but
divergence between eastern and western Mindanao has been documented in a number of other
taxa (Siler et al., 2010a; Welton et al., 2013, Gonzalez et al., 2014; Hosner et al., 2014).
However, it must be noted that the relationships inferred here are again only moderately
supported, and will require more robust datasets and analyses in order to be fully resolved.

4.5 Conservation
Philippine Gonocephalus have yet to be assessed for population viability or conservation
priority, and while a number of non-Philippine species of Gonocephalus are commonly
encountered in the international pet trade there is no indication that this is the case for Philippine
taxa. However, given the presumed low vagility of Gonocephalus and their ecological position
as forest obligates, the genus likely represents yet another taxon that is negatively impacted by
habitat loss and degradation. In particular, the Bicol Peninsula of Luzon has been identified as a
conservation priority due to unique genetic and taxonomic diversity in a number of other
squamate groups (Siler et al., 2014b; Welton et al., 2012) inhabiting the region. We find similar
genetic (and likely taxonomic) diversity within Gonocephalus, with divergent lineages inhabiting
the dormant volcanoes of Mts. Isarog and Malinao. This finding underscores the need for
additional protected areas across the Bicol Peninsula, aimed at preserving what little primary and
secondary growth forest remains. Of particular priority should be remaining primary and
secondary growth gallery forests and their adjacent riparian habitats—environments necessary
for Gonocephalus and a wide array of additional unrelated species.
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Our results underscore the designation of the Philippines as a biodiversity hotspot. If the
phylogenetically distinct diversity we have discovered here translates to taxonomic diversity, the
Philippines may soon harbor more than half of the specific diversity within Gonocephalus. It is
imperative that future research efforts be directed towards realizing the full diversity of
vertebrate taxa in the Philippines in order to effectively implement conservation actions. This can
only be accomplished with extensive geographic sampling and integrative approaches to
estimating species diversity.
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ABSTRACT: We utilize a well resolved, time calibrated phylogeny to estimate areas of
endemism and historical biogeography for the poorly known Angle-headed lizards of the genus
Gonocephalus. We employ fossil-based calibrations, metrics of diversification, and multiple
methods of ancestral area reconstruction to investigate hypotheses of climate-driven
diversification across Sundaland (Peninsular Southeast Asia, Borneo, Java, Sumatra) and the
Philippines. Our results support a Sundaic origin of Gonocephalus followed by complex patterns
of dispersal (including over seas dispersal to isolated oceanic components of the Philippines) and
diversification throughout the Miocene, Pliocene and. We provide the first characterization of the
complex patterns of lineage diversification and biogeography for a radiation of agamid lizards in
the genus Gonocephalus, utilizing robust geographic, and comprehensive taxonomic sampling.
We identify candidate lineages for future taxonomic scrutiny and assess concordance between
genetic variation and previously recognized taxonomy. We present the first time-calibrated
phylogeny for this rarely studied, charismatic clade of Southeast Asian lizards.

Introduction
The biodiversity of Southeast Asia has inspired researchers for at least 150 years, having a major
impact on one of the greatest minds in evolutionary and biogeographic theory, Alfred Russell
Wallace (1860). Since the first explorations of Southeast Asia the islands of Australasia have
been regarded as some of the most biologically diverse landmasses on the planet (Myers et al.,
2000; Brooks et al., 2002; Woodruff, 2010). As a result, the unique distributional patterns of
terrestrial bioto have been the focus of biogeographers for generations (Wallace, 1860, 1869;
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Everett, 1889; Sarasin & Sarasin, 1898; de Rooij, 1915, 1917; Dickerson, 1928; Taylor et al.,
1975). The biotic patterns of Southeast Asia have had a greater impact than anywhere else in the
world—serving as the backdrop for the initial formation of biogeographic theory, as well as
independent conception of the theory of evolution by natural selection (Wallace, 1858). The
major faunal sub-regions identified by Wallace (1860) are mirrored in contemporary
classifications for the region (Holt et al., 2013), with the constituent diversity being partitioned
into one of four Biodiversity Hotspots—Indo-Burma, Sundaland, the Philippines, and Wallacea
(Fig. 1; Myers et al., 2000; Brooks et al., 2002). Such distinctions are given to geographic areas
that are characterized by exceptionally high levels of endemism concurrently facing exceptional
levels of habitat loss. Globally, 25 such areas were originally identified (Myers et al., 2000) and
in the case of a number of these, Indo-Burma and Sundaland specifically, subsets of the hotspot
would be shone to meet the designation criteria in their own rights, resulting in 35 such areas
being recognized today (http://www.conservation.org). The faunal regions, or hotspots, that
comprise Southeast Asia combine to house more than 9.7% of the world’s plants and 8.3% of the
world’s vertebrate species (Lohman et al., 2011). These are likely gross underestimates, as
species from these regions that are new to science are regularly being discovered.
This continued discovery is at least in part due to a number of factors relating to the
geographic template of Southeast Asia. Geologically, the region’s landmasses are derived from
either continental shelf, or oceanic/volcanic components (Hall, 2012). Dynamic plate tectonics
since at least the Cenozoic have resulted in landmasses increasing in both size and number
(volcanic island building), steadily closing the oceanic connection between the Pacific and
Indian oceans, the Southeast Asian gateway (Hamilton, 1979; Hall, 1996, 2002, 2012).
Coincident with increased insularity and closure of the gateway was the generation of deep
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topographic barriers, predominately from the collision of Southeast Asia with Australia (Gordon
et al., 2003). The narrowing channels associated with the Southeast Asian gateway carry the
Indonesian Throughflow (Godfrey, 1996), marine currents that represent the only low latitude
oceanic passage on earth, and whose behavior have major implications on Indo-Pacific and
global weather patterns (Schneider, 1998; Sprintall et al., 2009).
The interplay between geography and climate has implications beyond direct cause and
effect. This is exemplified in Southeast Asia, where climatic oscillations (and related sea level
fluctuations) have shaped the distributions of populations, species, and even entire biotas
(Woodruff, 2010; Brown et al. 2013). Empirical examples span millennia and taxonomic
diversity, from distributional changes in Dipterocarp rainforests across Sundaland since the last
glacial maximum (Raes et al., 2014) to fluctuating dynamics of entire floral and faunal
communities in the Philippines since the Pliocene and Pleistocene (Dickerson, 1928; Heaney,
1985; Voris, 2000; Brown and Diesmos 2002, 2009). The combination of a largely insular
geography with cyclical changes in sea level resulted in a dynamic landscape, oscillating
between periods with land cover similar to today (interglacial periods) and over the past million
years, times where sea levels were ~60m lower than today and land cover was 1.5–2.0 times
larger than today (Woodruff, 2010). Perhaps nowhere on earth has the interplay between climatic
oscillations and geography generated levels of biodiversity akin to that which is present in
Southeast Asia. This is largely due to the overtly insular nature of the region, where islands are
currently separated by shallow seas (e.g. Sunda Shelf), but would have been part of a contiguous
landscape during periods of lowered sea levels. The more than 2,000 islands that comprise the
insular portions of Southeast Asia are generally derived from either (1) a volcanic/oceanic
source, or (2) continental shelf fragments. Not surprisingly, biotic elements inhabiting these
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elements might be expected to have differing evolutionary histories, and biogeographic and
diversification patterns.

1.2 Biogeography of Southeast Asia
The dynamic environment of Southeast Asia, with an ever-changing geography and cyclical
climatic history, is home to an astonishing diversity of species. The distributions of these species
are directly tied to climatic and geographic change. Wallace (1876) first divided the region into
the Indo-Burma, Philippine, and Sundaland zoogeographic subregions. Wallacea, a region
comprised of predominately Australian biota (Mayr, 1976) has a biotic and geological history
almost entirely unique relative to the rest of Southeast Asia, and is not relevant to the present
study.
These three subregions, which correspond to contemporary Biodiversity Hotspots, are
each home to unique biological communities, the members of which share common
biogeographic histories (Lohman et al., 2011; Brown et al., 2013). At this level one might expect
that (1) for taxa distributed across all three subregions, populations within a subregion should be
genetically more similar than populations from different subregions. Within subregions patterns
of biodiversity partitioning may (2) be expected to follow a climate-based pattern, with those
landmasses separated by shallow seas (and presumably connected during sea level low stands)
expected to house genetically similar lineages (e.g. across the Sunda Shelf or within Pleistocene
Aggregate Island Complexes [PAICs] of the Philippines; Oaks et al., 2013). Additionally, (3) the
major geographic components (e.g. mountains, crustal fragments, other geological components)
within subregions have been shown to harbor microendemic lineages, setting up a nested,
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hierarchical suite of hypotheses, suitable for testing in a phylogenetic framework utilizing
comprehensive taxonomic and distributional data.

1.3 Southeast Asia’s Angle-headed lizards
Currently, 16 species of Gonocephalus are recognized (Uetz and Hošek, 2015; See Table
1 for general distributions): G. abbotti Cochran, 1922; G. bellii (Duméril and Bibron, 1837); G.
beyschlagi (Boettger, 1892); G. bornensis (Schlegel, 1848); G. chamaeleontinus (Laurenti,
1768); G. doriae (Peters, 1871); G. grandis (Gray, 1845); G. interruptus (Boulenger, 1885); G.
klossi (Boulenger, 1920); G. kuhlii (Schlegel, 1848); G. lacunosus Manthey and Denzer, 1991;
G. liogaster (Günther, 1872); G. megalepis (Bleeker, 1860); G. mjoberi Smith, 1925; G. semperi
(Peters, 1867); and G. sophiae (Gray, 1845). The taxon robinsonii, whose placement in
Gonocephalus has long been questioned (Honda et al., 2002; Ota et al., 2002; Pyron et al.,
2013), was recently assigned to a novel genus, Malayodracon, on the basis of molecular data,
and internal and external morphology (Denzer et al., 2015). The taxon mjobergi is similarly
under scrutiny (Denzer and Manthey, 2009), though no formal taxonomic changes have been
made to date.
To the exclusion of Wallacea, Gonocephalus are distributed across the entirety of
Southeast Asia (Manthey, 2010; Grismer, 2011). The northern extent of the generic distribution
is somewhat speculative due to relatively limited sampling along the northern margin of the
Thai-Malay Peninsula, though Gonocephalus have been recorded from all of the major
landmasses throughout the remainder of Southeast Asia. Most broadly, the generic distribution
can be subdivided into five geographic components: (1) Thai-Malay Peninsula, (2) Sumatra, (3)
Java, (4) Borneo, and (5) the Philippines. A number of smaller satellite islands are also known to
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house Gonocephalus (e.g. Pulau Tioman, Pulau Nias). In addition, Teynié et al. (2004) and
Ananjeva et al. (2007) reported the presence of isolated populations of Gonocephalus grandis in
Laos and Vietnam, respectively. The species-specific generalized distributions for all
Gonocephalus are summarized in Table 1. In the case of satellite populations, they have been
grouped with the geographically most proximate major landmass.
Table 1. Generalized distributions for species of Gonocephalus (Grismer, 2011; Manthey,
2010), with morphological groupings based on Manthey and Denzer (1991).
taxon

morpho-group

abbotti
bellii
beyschlagi
bornensis
chamaeleontinus
doriae
grandis
interruptus
klossi
kuhlii
lacunosus
liogaster
megalepis
mjobergi
semperi
sophiae

chamaeleontinus
bornensis
bornensis
bornensis
chamaeleontinus
chamaeleontinus
grandis
bornensis
megalepis
chamaeleontinus
megalepis
bornensis
megalepis
robinsonii
bornensis
bornensis

Thai-Malay
Peninsula
X
X

Sumatra

X

X

X

X

X

X

Java

X
X
X
X

X

Borneo

Philippines

X
X
X

X

X
X
X

X
X

To date, few studies have investigated the relationships or patterns of diversification
within Gonocephalus. Manthey and Denzer (1991) provided the only taxonomically rich
morphological analysis of the genus, resulting in the recognition of five “morpho-groups” (See
Table 1 for group affinities). Molecular studies of the genus, while more numerous, have been
much less taxonomically diverse. Only two molecular phylogenetic studies have included more
than a single species of Gonocephalus (n=4 in both cases. Honda et al. (2002) evaluated the
phylogenetic affinities and systematic placement of G. bornensis, G. chamaeleontinus, G.
grandis, and Malayodracon robinsonii, recovering a non-monophyletic Gonocephalus among a
depauperate subset of agamid outgroup taxa. A similar number of four ingroup species (G.
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chamaeleontinus, G. grandis, G. kuhlii, and M. robinsonii) were analyzed by Pyron et al. (2012)
who similarly recovered a non-monophyletic Gonocephalus. Unfortunately the outgroup samples
for these previous studies are not overlapping, thus the placement of the genus Gonocephalus
within the family Agamidae or subfamily Draconinae remains speculative.
Most recently, a multi-locus dataset was used to estimate putative species diversity and
identify candidate lineages for the named taxa endemic to the Philippines (G. interruptus, G.
semperi, and G. sophiae; Welton et al., 2015). Welton et al. (2015) found high levels of genetic
diversity, identifying at least 12 divergent monophyletic lineages of Gonocephalus from across
the Philippines, though further study is required to affix available names to specific lineages.
Additionally, Welton et al. (unpublished dissertation) recovered a non-monophyletic Philippine
radiation, with the non-Philippine taxa G. bellii and G. bornensis are strongly supported to have
strong close relationships to lineages from northern and central portions of the Philippines.
However, this study included samples of only half of the recognized species of Gonocephalus (8
of 16 species).
In this paper, we utilize geographically robust (>50 sampling sites) and diverse
population level genetic sampling (229 individuals; 15/16 species) from across Southeast Asia to
provide the first genus-wide phylogenetic inference for Gonocephalus. We investigate (1) the
evolutionary validity of Manthey and Denzer’s (1991) morphology-based groups; (2) the pace of
diversification throughout the genus; (3) the timing of cladogenesis events and their correlation
with climatological phenomena; and (4) the hierarchical predictions of landscape nestedness.
Utilizing a highly resolved phylogeny, we then estimate the ancestral ranges throughout the
diversification of Gonocephalus, and characterize its historical biogeography using probabilistic
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and Bayesian model-selection approaches to infer biogeographic models and geographic range
evolution.

Materials and Methods
2.1 Sample identity, DNA extraction, and sequencing
We sampled liver tissue from 229 individuals of Gonocephalus, constituting 16 of the 17
described species (Supplemental Table S2) and spanning the majority of the recognized
distribution for the genus (Fig. 1). Samples of G. mjobergi are currently unavailable. We
extracted DNA using Qiagen’s (Valencia, CA, USA) DNeasy Blood & Tissue kit, following
manufacturer’s protocols. Double-stranded polymerase chain reactions followed a standard 32
cycle thermal protocol with annealing temperatures varied from 48–52º C. We visualized PCR
products on a 1% agarose gel and vacuum purified using MANU 30 PCR Millipore plates.
Following re-suspension in ultra-pure water, samples were cycle sequenced using an ABI BigDye Terminator v3.1 Cycle Sequencing Kit on ABI geneAmp PCR 9700 thermal cycler. Cycle
sequencing product was purified with Sephadex G-50 Fine (GE Healthcare), then sequenced on
an ABI 3730xl DNA Analyzer (BYU Sequencing Center).
We sequenced the NADH dehydrogenase Subunit II (ND2) mitochondrial locus for 229
Gonocephalus samples. Additionally, we sequenced eight individuals of Malayodracon
robinsonii, a taxon for which the previous problematic placement in Gonocephalus has only
recently been remedied (see above). We also included eight additional outgroup agamids, the
data for which were obtained from GenBank (Supplemental Table S2); these include
Acanthosaura capra, A. lepidogaster, Bronchocela cristatella, Ceratophora aspera, Cophotis
ceylanica, Japalura splendida, Lyriocephalus scutatus, and Salea horsfieldi. Sequences were

44

aligned in Geneious (v5.5.6; Kearse et al., 2012) using the MUSCLE algorithm (Edgar, 2004).
Manual adjustments to the alignment were made in Mesquite (v3.04; Maddison & Maddison,
2015) to ensure proper reading frame. Due to alignment ambiguities, tRNA fragments
(tryptophan [Trp], alanine [Ala]) were excluded for all analyses.

2.2 Phylogenetic inference and dating analyses
Phylogenetic inferences were made under both Maximum Likelihood (ML) and Bayesian (BI)
frameworks. We used IQ-TREE (Nguyen et al., 2015; Minh et al., 2013) to implement ML
inferences, utilizing an interactive web server (http://iqtree.cibiv.univie.ac.at). We partitioned the
ND2 dataset by codon, with a GTR + I + Γ substitution model applied to each partition. Nodal
support was estimated with 1000 bootstrap replicates under the ultrafast setting. We estimated a
BI phylogeny in BEAST 2 (v2.2; Bouckaert et al., 2014; Drummond et al., 2012; Drummon and
Rambaut, 2007). Our BEAST analysis utilized a dataset partitioned by codon, with substitution
models inferred by jModeltest2 (v2.1.1; Darriba et al., 2012; Guindon and Gascuel, 2003). We
applied an uncorrelated log-normal clock to each partition, with an exponential distribution (with
default settings) used for the clock prior. We ran a 1 billion generation analysis, sampling every
100,000 generations. Run stationarity and adequate effective sample sizes were assessed in
Tracer (Rambaut et al., 2014). We ran an additional BEAST analysis to estimate a timecalibrated phylogeny. Due to a lack of ingroup (or even closely related) fossils, and based on the
results from previous analyses, the root of Gonocephalus (exclusive of Malayodracon
robinsonii) was dated at 29 Ma (Grismer et al., in review). In an effort to incorporate uncertainty
in that age, we applied a prior specifying a normal distribution to this node, with the 95%
confidence interval of the distribution corresponding to the upper and lower bounds of its
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inferred age (33 and 25 Ma, respectively). Our dating analysis utilized the same settings and
generation times as our initial BI analysis, but utilized the more general birth-death tree prior.

2.3 Lineage diversification and historical biogeography
We generated a number of lineage-through-time plots (LTTs) to investigate diversification rates
within “true” Gonocephalus. All LTTs were generated in R (R Core Team, 2015) using the
packages APE (Paradis et al., 2004), GEIGER (Harmon et al., 2008), laser (Rabosky and
Schliep, 2015), and phytools (Revell, 2012). We first generated a LTT plot from our calibrated
BEAST tree, with outgroups (including M. robinsonii) removed and ingroups pruned to single
examplars per lineage (resulting in 30 species/candidate species). Lineages were delimited based
on recognized taxonomy and the results of Welton et al. (2015). For comparison, we then ran
three tree simulations, each modeling 1000 trees under a birth-death process with all trees
resulting in 30 tips, a root age of 29 Ma, and speciation rates of λ = 0.1, 0.25, and 0.5.
Additionally, we tested for variation in speciation rates across the modified topology using
‘laser’ under the four rate models (two constant, two variable) available. Due to the inference of
a constant rate, we then estimated the net speciation rate for Gonocephalus, using the vector of
branching times taken from our modified tree, also in ‘laser’. We also tested support among four
models of diversification, a pure-birth model (λ = 1), and birth-death model, and two variable
rates models that fit either exponential (DDX) or logistic (DDL) variants of the densitydependent rate model.
We estimated ancestral areas across the Gonocephalus phylogeny with BioGeoBEARS
(Matzke, 2012, 2013) implemented in R. This model-selection approach to estimating
geographical range evolution allows the user to assess the fit of a number of biogeographic
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models, and includes a novel parameter that models dispersal to a new area (not previously
occupied by ancestral lineages), possibly associated with founder-event speciation. For these
analyses, our 30 taxon “species tree” was used, with binary coding for tips corresponding to
recognized distributions of (1) Thai-Malay Peninsula (TMP), (2) Sumatra, (3) Java, (4) Borneo,
and (5) the Philippines. As mentioned previously, satellite insular populations were coded as
their geographically most proximate major landmass (e.g. Pulau Tioman = TMP). We compared
the fit of our ND2 data to six models of biogeographic evolution: Dispersal-ExtinctionCladogenesis (DEC), Dispersal-Extinction-Cladogenesis + jump dispersal (j), DIVALIKE,
DIVALIKE + j, BAYAREALIKE, and BAYAREALIKE + j. Model goodness-of-fit was
assessed with a one-tailed chi-squared test for pairwise comparisons to investigate the impact of
including jump dispersal. Among the three major model classes, the best-fitting model was
selected based on the weighted proportion of AIC scores.

Results
3.1 Taxon sampling and sequencing
Our final sequence data matrix consisted of 245 samples and a maximum of 1018bp of protein
coding ND2 sequence. A number of samples were problematic, requiring alterations to reagent
proportions or thermal protocols during PCR. Despite these samples yielding clean sequences of
180–200bp in some instances, their placement within the phylogeny is as expected based on
taxonomy and, consequently, do not hinder species-level inferences.
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3.2 Phylogenetic inference and dating
Although it should be noted that our estimated divergence times estimated here are based on a
single locus, the ND2 gene fragment has been shown to evolve in a clock-like manner in other
agamids (Macey et al., 1998) and thus provides acceptable estimates for divergence dates within
Gonocephalus. Our standard and time-calibrated Bayesian inferences yielded identical

Figure 1. Time-calibrated Bayesian phylogeny (left), with BI and ML nodal support indicated by colored circles.
Distribution of Gonocephalus samples included in this study (right).
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topologies and nodal support, and are largely congruent with our ML phylogenetic estimate
(well-supported nodes; Fig. 1). A single node failed to receive support across analyses; the node
uniting G. kuhlii with the clade comprised of G. doriae; the latter was only supported in ML
analyses (ML bootsrap = 92, Bayesian pp = 0.48%).
Malayodracon robinsonii (formerly in the genus Gonocephalus; Manthey et al., 2015)
was recovered as the sister lineage to Acanthosaura (not shown), though this relationship is
speculative at best given low numbers of outgroup taxa included here. We recover the genus
Bronchocela as the most closely related agamid to Gonocephalus, similar to Pyron et al. (2013).
We recover a well-supported, monophyletic Gonocephalus, with most recognized species
similarly supported as monophyletic. The morphology-based groupings of Manthey and Denzer
(1991) are all supported (to the exclusion of G. mjobergi and M. robinsonii, see above). Our
topology also supports the relationships inferred by Pyron et al. (2013) and Honda et al. (2002),
but conflict with the inferences of Welton et al. (2015). The most basal divergence in the genus
corresponds to a split between the bornensis Group (G. bellii, G. beyschlagi, G. bornensis, G.
interruptus, G. liogaster, G. semperi, and G. sophiae) and the remaining taxa in the genus at 28.3
Ma (22.6–34.2). Of the non-bornensis Group taxa, we recovered a basal split between the
megalepis Group (G. klossi, G. lacunosus, and G. megalepis) and the chamaeleontinus and
grandis groups at 24.5 Ma (18.3–31.3). The Sumatra endemic megalepis Group diversified at
approximately 15 Ma (8.7–21.7), with lineages identified as G. klossi recovered sister to a clade
comprised of G. lacunosus and G. megalepis (Fig. 1). Among samples identified as G. klossi, we
recovered two deeply divergent, monophyletic lineages. Sister to the megalepis Group, we
recovered a well-supported lineage consisting of G. grandis sister to the chamaeleontinus Group.
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Within the chamaeleontinus Group we recovered a non-monophyletic Gonocephalus
kuhlii. The first kuhlii lineage is inferred first branching lineage relative to the rest of the group,
having diverged 11.7 Ma (6.9–16.7), with successive divergences corresponding to G.
chamaeleontinus (8.9 Ma; 5.2–12.7), another lineage of G. kuhlii (8.5 Ma; 4.5–11.9), and a
lineage comprised of the sister species G. abbotti and G. doriae, which diverged from one
another 3.1 Ma (1.5–4.8). The grandis Group (consisting only of G. grandis) is recovered as a
well-supported clade, sister to the chamaeleontinus Group, and within this group we recover at
least four divergent, well-supported lineages (Fig. 1).
The bornensis Group is recovered with a basal split 20.6 Ma (14.1–27.0), corresponding
to the divergence the lineage giving rise to Gonocephalus beyschlagi and G. liogaster, which
diverged from one another 16.6 Ma (10.0–22.9). The remainder of this group is recovered with
successive divergences corresponding to G. bellii diverging 19.5 Ma (12.9–25.1), and a
cladogenetic event 18.2 Ma (11.1–22.9) resulting in two clades. The first such clade is comprised
of G. bornensis and samples from northern portions of the Philippine Archipelago, presumably
G. semperi and G. sophiae (see below), which diverged from one another 12.5 Ma (7.6–17.8).
The second corresponds to samples from the southern islands of the Philippines and represent G.
interruptus. The topology recovered for the bornensis Group conflicts with that of Welton et al.
(2015), with G. belli inferred as the sister to the clade containing G. bornensis and all Philippine
lineages (rather than both non-Philippine taxa nested amongst Philippine lineages). Additionally,
we recovered a pattern of successively diverging north-central Philippine lineages corresponding
to Cebu Island, Mindoro Island, Mt. Malinao (Bicol, Luzon), and then Mt. Isarog (Bicol, Luzon),
with Luzon and Panay+Negros inferred as sister lineages. We recovered a similarly conflicting
pattern for the southern clade—lineages from Zamboanga (W. Mindanao) are inferred as sister to
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a Samar+Letye lineage, and combined these form a clade that is sister to successively diverging
lineages from Bohol Island, Agusan Norte (NE Mindanao), and a clade of samples from
Cotobato (S Mindanao) and Camiguin Sur Island (Fig. 1, 2).

3.3 Evaluating hierarchical predictions of geographical structure
Based on the topology recovered here, Gonocephalus does not conform to expectations of
geographical structure corresponding to contemporary floral and faunal demarcations across
Southeast Asia (Biodiversity Hotspots, see above). However, with one exception we infer real
evolutionary groups corresponding to distributions on Sundaland (TMP, Borneo, Java, Sumatra)
and the Philippines. This one exception represents a single Sundaic lineage (G. bornensis)
recovered nested within an otherwise completely Philippine clade. Similarly, we found binary
pattern of geographical structure, with Sundaic islands sharing lineages while Philippine islands
housed only endemics. Within the Philippines our topology supports geographical structure
corresponding PAIC-based predictions, with clades recovered from the Luzon, Mindanao, and
Mindoro PAICs. We recovered additional geographic structure corresponding to individual
islands or geological components of major islands among Philippine samples, similar to Welton
et al. (2015).

3.4 Lineage diversification and historical biogeography
Our estimate of Gonocephalus diversification rate suggests a gradual temporal pattern, with the
net diversification rate inferred as λ = 0.09. Our AIC-based tests could not distinguish between
pure birth and birth-death models, though both were supported over both variable rate models
(DDL and DDX).
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Table 2. Model-based tests of biogeographic evolution for Gonocephalus. For chi-squared tests,
+J models are treated as the alternatives to the base, null models.
Model
DEC
DEC+J
DIVALIKE
DIVALIKE+J
BAYAREALIKE
BAYAREALIKE+J

ln Likelihood
-44.97463
-39.50703
-42.08026
-39.23434
-49.23367
-42.29843

AIC
93.9
85.01
88.16
84.47
102.47
90.60

AIC wt.
4.4e-03
3.9e-01
7.9e-02
5.1e-01
6.3e-05
2.4e-02

p-value
—
0.0009
—
0.017
—
0.0002

The biogeographic evolution of Gonocephalus is indicative of a DIVALIKE model based
on AIC weight, though chi-squared tests could not differentiate between models when the jumpdispersal parameter was included (p-value = 0.017; Table 2). This model is indicative of a
pattern of dispersal and range expansion, followed by vicariance (and cladogenesis). This model
also penalizes potential dispersal events, preferring a vacarient scenario when dispersal and
vicariance are equally likely. Interestingly, DEC and BAYAREALIKE models including the
jump-dispersal parameter were preferred over the null models. Our ancestral range estimates
unambiguously infer Sundaland as the range of the lineage ancesrtral to all species of
Gonocephalus (Fig. 2). We recover a Sumatra + Java range for the lineages giving rise to the
megalepis, chamaeleontinus, and grandis groups, and, notably, an TMP + Philippines combined
range for the lineage giving rise to the bornensis Group. Secondary invasions of Indochina and
Borneo are inferred for G. abbotti and G. bornensis, respectively (Fig. 2).

Discussion
We provide the most robust phylogenetic estimate of the genus Gonocephalus to date. Across the
phylogeny we recover all currently recognized species as monophyletic, with the exception of G.
kuhlii. Samples identified to this species we infer as comprising two distinct clades, one

52

subtending from the node basal to all members of the chamaeleontinus Group, and the other
nested within this clade. Preliminary photographic evidence suggests that the former represents

Figure 2. Time-calibrated species-level phylogeny, with ancestral range estimations mapped on nodes and edges
(top). Eustatic curve modified from Haq et al. (1987). Lineage-through-time (LTT) plot for Gonocephalus (black)
overlain on the density distribution for 1,000 trees and LTT plots simulated under a birth-death model with a net
speciation rate of λ = 0.1.
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an undescribed and morphologically unique taxon (ENS, unpublished data), while the latter is
itself comprised of two divergent clades. Similarly, we recover two deeply divergent lineages
among samples referred to the taxon G. klossi, and relatively high levels of genetic structure
within G. abbotti (two lineages), G. grandis (four lineages), G. liogaster (two lineages), and G.
bellii (three lineages). Samples of G. bornensis show similar structure, though more
geographically comprehensive sampling is required to make even objective statements about
possible undescribed diversity.

4.1 Evaluating predictions from nested geography of insular Southeast Asia
At the broadest scale Gonocephalus diversity is partitioned corresponding to Sundaic and
Philippine lineages. It is only with the exception of G. bornensis, an inferred dispersal out of the
Philippines into Borneo (Sundaland), that this pattern does not hold for the entirety of the genus.
We also recover multiple invasions of every Sundaic landmass, such that Sundaic species inhabit
multiple major landmasses (Fig 1.). In summary, the species G. chamaeleontinus, G. grandis,
and G. liogaster are all found on multiple major Sundaic landmasses. Similarly, we recover a
pattern of distribution for all morpho-groups (Manthey & Denzer, 2001) spanning geological
(Sundaland versus Philippines) and proposed faunal boundaries (Biodiversity Hotspots). One
exception to this pattern is the megalepis Group, the members of which are endemic to Sumatra.
Among Philippine samples we find high levels of genetic structure corresponding
primarily to major islands or island groups, similar to Welton et al. (2015). While our inferences
for relationships among major Philippine lineages differ from that of Welton et al. (2015), a
number of patterns are similar. Both studies recover patterns of phylogenetic affinity between
samples from (1) Samar and Leyte islands, (2) Panay and Negros islands, and perhaps most
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interestingly, (3) Camiguin Sur Island and the Cotobato coast of southern Mindanao Island.
Although the former two relationships are relatively common in phylogenetic, phylogeographci,
and population genetic studies involving other taxa (for review see Brown et al., 2013), the
relationship between Camiguin Sur and southern Mindanao has not previously been inferred for
any other systems. Further sampling throughout central Mindanao (Mts. Balatukan, Katanglad,
Kitanglad, and Kalatungan) is necessary to substantiate this relationship, and may provide
increased resolution for additional relationships in this southern Philippine clade.

4.3 Diversification and historical biogeography
Based on an assumption of reasonable accuracy of our time-calibrated Bayesian estimate of
phylogeny, the ancestral lineage that gave rise to Gonocephalus began diversifying during the
mid-Oligocene, and gradually accumulated lineages throughout the Miocene. Miocene Southeast
Asia (~5.3–23 Ma) was characterized by a dynamic, ever-changing geography driven by
geological phenomena (tectonic movement and volcanic activity) and eustatic fluctuations
correlated to climatic change (Haq, 1989, Woodroof, 2001). Sea levels were on average 25 m
higher than current levels, and global temperatures 3º warmer (Woodruff, 2010). At least five
major climatic/eustatic oscillations have been inferred dureing the mid Miocene (Haq et al.,
1988; John et al., 2011; Fig. 2), with sea levels fluctuating more than 40m by some estimates.
The insular geographic template of Southeast Asia, with numerous components separated by
relatively shallow seas, undoubtedly was subjected to periods of increased connectivity followed
by isolation (Woodruff, 2000; Hall, 2013). These bouts of isolation, directly related to drops in
sea level, appear strikingly coincident with major cladogenetic events for Gonocephalus 16–17
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Ma (grandis and chamaeleontinus groups, and beyschlagi and liogaster), 15 Ma (klossi, and
lacunosus + megalepis), and 12.5 Ma (bornensis and the northern Philippines lineages; Fig. 2).
Out analyses suggest that additional cladogenetic divergences characterized the end of
the Miocene, and subsequently, extended throughout the Pliocene and Pleistocene. These most
recent bouts of diversification (Pliocene) are most notable among Philippine lineages, where
patterns of diversification were apparently driven by eustatic/climatic oscillations and were
magnified by the more complex, entirely insular nature of the region. However, similar patterns
are also present among lineages ascribed to G. grandis. This taxon is a lowland riparian
specialist (Grismer, 2012), an ecology that may have been more adversely impacted by the
increased periodicity of climatic change during this time, and the associated expansion and
contraction of lowland evergreen and mangrove forests and presumed suitable habitat
(Woodruff, 2010). Repeated fluctuations in sea level and associated elevational changes in niche
availability would have facilitated the multiple invasions of Sumatra and the invasion of Borneo
through repeated openings of suitable lowland habitat during sea level low stands (Fig. 2).
Across the phylogeny the vast majority of cladogenetic events correspond to increases in sea
level, consistent with our inference of dispersal (range expansion) and vicariance that would
have pervaded the insular geography of Southeast Asia.
Estimates of ancestral areas support multiple dispersal events across marine barriers,
inferred at various points throughout the phylogeny (Fig. 2). From an ancestral range of Sumatra
for Gonocephalus (exclusive of the bornensis Group), we recover a biogeographic pattern of
range expansion into Borneo and Java for the ancestor that gave rise to G. grandis and the
chamaeleontinus Group. The ancestral lineage of G. grandis is then inferred to have expanded its
range into Sumatra and Indochina (Fig. 2). Java is recovered as the ancestral range for the
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entirety of the chamaeleontinus Group, with a distribution expanding back to Borneo, and then
Indochina, inferred for the lineage that gave rise to the clade comprised of G. abbotti and G.
doriae (Fig. 2). The ancestor giving rise to the bornensis Group had an apparent geographic
range initially in Sundaland, with the basal divergence of this lineage corresponding to a
vicariant event yielding a Borneo + Sumatra range for the lineage giving rise to G. beyschlagi
and G. liogaster, and TMP + Philippines range for the ancestor of G. bellii, G. bornensis, G.
interruptus, G. semperi, and G. sophiae. Subsequent to the divergence of the G. bellii lineage, we
infer a restricted ancestral range of the Philippines. Two scenarios may have given rise to a
Bornean taxon with an ancestral area of the Philippines: (1) range expansion into the Philippines,
followed by a “jump” dispersal back to Borneo; or (2) range expansion throughout a contiguous
Borneo+Palawan+Philippines area followed by vicariance (severing Borneo+Palawan
connection). Given the absence of Gonocephalus on Palawan, the “jump” dispersal scenario
might be favored despite its not being favored by explicit analyses of biogeographic range
evolution. The discovery of Gonocephalus on Palawan would likely give further credence to
inferred DIVALIKE pattern of range evolution.
It must be noted that, in the absence of a priori justification for restricting numbers of
available ancestral areas, we allowed all possible geographic areas being throughout the
timeframe for diversification of Gonocephalus. Although we consider this objectively defensible,
geological reconstructions of Southeast Asia make this a tenuous assumption, particularly in the
Philippines where it is clear that isolated volcanic island banks (PAICs) were never connected by
exposed land connections and, thus (1) do not represent a single, cohesive geographic units
through time, given that (2) much of the Philippines is reconstructed as being sub-marine
throughout the Oligocene and early Miocene (Hall, 2013). The exception to this pattern is the
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Palawan Micro-continental Block, consisting of Palawan, southern Mindoro, and north-western
Panay islands (and a number of smaller satellite islands; the Romblom Island Group). Palawan
has historically been implicated as a dispersal route into the Philippines (Esselstyne et al., 2010)
out of the Philippines (Welton et al., 2013), and even as an “ark”, transporting biota from
southern China (Blackburn et al., 2010; Siler et al., 2012; Brown et al., 2013, 2016). However,
as mentioned previously, Gonocephalus has never been recorded from the reasonably wellknown Palawan PAIC (and related islands); inferences of extinction would necessarily
accompany biogeographic scenarios involving this landmass.
Our analyses suggest that the genus Gonocephalus experienced a combination of
historical events of range evolution, driven by geological and climatic change throughout the
past ~30 Ma. Increased insularization of Southeast Asia and ecological fragmentation associated
with atmospheric oscillation and sea level fluctuations led to repeated vicariant events,
generating novel lineages throughout the Miocene, Pliocene, and Pleistocene. The patterns of
diversification via range fragmentation inferred here highlight the concerted roles of climate and
geography for the generation of biodiversity of island archipelago terrestrial vertebrates. For the
genus Gonocephalus, this initial survey of lineage diversity has identified at least five major
groups (cf. klossi, cf. kuhlii, G. belli, G. grandis, and the Philippine radiation), which should now
be the focus of detailed taxonomic scrutiny, tests of species delimitation hypotheses utilizing
multiple data streams, and formal taxonomic revision.
Finally, our tentative inference for the role of the island of Palawan as part of the
historical biogeographic range evolution of Gonocephalus leaves us with many unanswered
questions. Despite survey efforts in the early 1900s (E.H. Taylor) and 1960s and 1970s (A.C.
Alcala, W.C. Brown), bureaucratic, logistical, and security-related obstacles to field-based
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research have severely limited comprehensive faunal inventories across Palawan and its many
off-shore islands. It remains possible that Gonocephalus exists on Palawan but has evaded
detection because of microhabitat preference or other factors. The discovery of Gonocephalus on
Palawan would come as no surprise given the distributional patterns discussed here; such a
discovery may involve an ancient and rare species in the genus, following the pattern inferred for
a number of herpetofaunal elements. Palawan has been implicated as the source of one of the
oldest anuran lineages Southeast Asia (Blackburn et al., 2010), as well as the origin for entire
clades of paleo-transported frogs (Brown et al., 2015), scincid lizards (Linkem et al., 2011), and
gekkonid lizards (Siler et al., 2012). The island also supports perhaps the rarest geomydid turtle
species in the world (Diesmos et al., 2008), Siebenrockiella leytensis, and has been implicated in
possibly supporting large-bodied and yet undetected varanid lizards (Welton et al., 2012). Lastly,
the island is also home to an endemic, ancient, and first-diverging Philippine Gekko lineage,
Luperosaurus gulat (Brown et al., 2012). Clearly, the forests of Palawan warrant thorough
surveys for agamid diversity, as do a number of satellite islands throughout (and abutting)
Sundaland.
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Abstract
We provide the first genomic analysis of monitor lizards, revisiting previous systematic,
taxonomic, and biogeographic inferences of the Varanus salvator species complex. Ultraconserved elements provide population and species level resolution, solidifying the
relationships among Philippine water monitors and providing biogeographic inferences in
contrast to previous hypotheses. The application of genome-wide data provides estimates
introgression and directional migration between Sundaland and the Philippines via the island
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of Palawan. Genomic data applied to Bayesian methods of species delimitation support the
currently recognized taxonomy of five endemic Philippine members of salvator complex.

Keywords: UCE, genomic, Varanus salvator, monitor lizard, Southeast Asia, Philippines,
reptile

Introduction
Species are a fundamental unit for studies of biodiversity and evolution, and as such robust
estimates of their diversity and distributional boundaries are keystones for investigations
ranging from the inference of historical patterns of diversification to contemporary
assessments of conservation priority (Vogler & Desalle, 1994; Benton, 2009). The data
utilized for these estimates has changed through time, with the advent of new technologies
adding to the suite of tools available to researchers in a cumulative manner. Thus,
contemporary taxonomists have a variety of morphological, ecological, and molecular tools
at their disposal to robustly infer species level diversity and history, population dynamics,
and species boundaries.
Recent decades have fostered in a new era of molecular-based estimates of species
dynamics. Karyotype and allozyme analyses have been replaced by single and multi-locus
genetic data, and most recently by genome-wide datasets comprised of many thousands of
loci. Current generation genomic datasets can be useful various taxonomic levels and time
scales (Delsuc et al., 2005). While a number of approaches are currently being applied to
target different parts of genomes, one such method has proven itself valuable for retrieving
data that is informative across time scales and taxonomic levels.
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Identified early in this century in the human genome (Bejerano et al., 2004),
ultraconserved elements provide an opportunity to target conserved regions of taxonomically
disparate genomes (Siepel et al., 2005; Miller et al., 2007), allowing for the collection of loci
that are informative at a variety of timescales (Faircloth et al., 2012; Smith et al., 2014). To
date, the application of ultraconserved elements in systematic studies has resolved
relationships within birds, fishes, insects, mammals, and turtles (McCormack et al., 2012,
2013; Crawford et al., 2013; Faircloth et al., 2013, 2014; Keping et al., 2014). All of these
studies revisited systems that had previously been assessed with molecular (single or multilocus) and/or morphological data.
A number of systems appear ideal for the application of UCE genomic data to resolve
systematic relationships. Groups for which single or multi-locus datasets either failed to yield
fully resolved phylogenetic or species tree estimates (due to age or pace or diversification) or
yielded relationships that contradicted morphology-based systematic estimates, and systems
where there is the potential gene flow or natural selection are perhaps the most ideal
candidates for the application of UCE data. The increased number of putatively unlinked loci
being targeted by this method improve estimates of the population genetics parameters
estimated in the models used to effectively reconstruct the systematics of these systems
(Edwards & Beerli, 2000, Carling & Brumfield, 2007).
The Varanus salvator species complex represents as many ten taxa (species and
subspecies) that have been the subject of a number of recent molecular and morphological
studies (Koch et al., 2007, 2010; Welton et al., 2013b, 2014a,b). This complex is moderately
old, with an origin inferred in the Middle Miocene, but with the majority of cladogenetic
events taking place in the past ~3 MY (Welton et al., 2014b). Much of this diversity is
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endemic to the Philippine Archipelago (7/11 taxa) and is generally partitioned along
Pleistocene Aggregate Island Complexes (PAICs; Heaney, 1985; Brown & Diesmos, 2002,
2009; Brown et al., 2013). Welton et al. (2013b, 2014b) used a multi-locus dataset to infer
the first phylogenetic estimate for the
complex, identifying (1) two cryptic taxa
masquerading as the northern Philippine
Varanus marmoratus (V. bangonorum and
V. dalubhasa; Welton et al., 2014a), (2) an
apparent zone of admixture extending
northeast from Palawan Island through
Mindoro (and Semirara) and Luzon Islands
(Fig. 1), and (3) an historical
biogeographic scenario indicative of an
“out of the Philippines” pattern of
diversification. In these studies, recognized
Figure 1. Recognized distributions of species of
Philippine water monitor lizards, with the proposed
“zone of admixture” inferred from Welton et al. (2013)

Philippine taxa were all supported as
monophyletic lineages across analyses, but

the relationships among these lineages remained unresolved, potentially misleading
topology-based inferences of diversification (such as ancestral area estimates).
In the present study we revisit the Philippine radiation of the Varanus salvator
Complex, and with the use of genomic-level data, infer fully resolved phylogenies and
species trees that solidify the systematics of the group and provide an inference of historical
biogeography which conflicts with previous hypotheses. We also more fully explore
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presumed gene flow among species in this complex and infer varying patterns of historical
and/or contemporary migration, both within the Philippines and between Philippine and nonPhilippine lineages. Lastly, we apply a Bayesian method of species delimitation to test a
number of current and historical taxonomic hypotheses for Philippine species.

Materials and methods
Sample selection
Based on the results of Welton et al. (2014a) 33 samples from the Varanus salvator complex
were chosen for genomic data collection, consisting of morphologically identified samples of
V. cumingi (1), V. bangonorum (4), V. dalubhasa (5), V. marmoratus (9), V. nuchalis (5), V.
salvator (4), V. samarensis (1), and V. togianus (2). See Supplemental Table S3 for voucher
identities.

Laboratory methods
Genomic DNA was extracted from liver or muscle tissue stored in 95% ETOH using a
DNEasy tissue kit (Qiagen, Inc.), and quantified using a Qubit fluorometer (Life
Technologies, Inc.). For library preparation and target locus enrichment, we followed the
protocols available at http://ultraconserved.org/#protocols. Briefly, approximately 500 ng of
DNA from each sample was sheared using a Covaris S220 to randomly fragment the genome
into 400–800 bp fragments (650 bp target size). Illumina sequencing libraries were prepared
with a KAPA library preparation kit (Kapa Biosystems), using the iTruStub universal adaptor
system (Glenn et al., 2015) to barcode samples. Libraries were then pooled into sets of eight,
and each pool was enriched for 5060 UCE loci (Tetrapods-UCE-5Kv1 probe set available at
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http://ultraconserved.org), targeted by 5472 RNA probes using a MYBaits kit

(MYcroarray, Inc.). Final enriched libraries were quantified by qPCR and sequenced on a
partial lane of an Illumina Hiseq 2500 paired-end 100 bp high-output run at the University of
Kansas Genome Sequencing Core.

UCE data assembly
Illumina sequences were de-multiplexed using CASAVA (v1.8.2; Illumina, Inc.) and reads
were cleaned for adaptor contamination and low-quality bases using the illumiprocessor
(https://github.com/faircloth-lab/illumiprocessor) wrapper for Trimmomatic (Bolger et al.,
2014). We then ran the cleaned reads through two separate pipelines for generating both
sequence and SNP data sets. For generating sequence data matrices, we used the PHYLUCE
(Faircloth, 2015) python package, which assembles reads with Trinity (v.r2013.08.14;
Grabherr et al., 2011) and then aligns contigs to their associated UCE loci. We then
generated two sequence alignments using MAFFT (Katoh & Standley, 2013), one containing
no missing loci across all taxa (complete matrix), and a partially incomplete matrix where
each locus must have data in at least 75% of taxa (75% complete matrix). For assembling the
SNP data set, we used VelvetOptimiser (https://github.com/Victorian-BioinformaticsConsortium/VelvetOptimiser/) and VELVET (Zerbino & Birney, 2008) to assemble contigs
from cleaned reads. PHYLUCE, BWA (Li & Durbin, 2009), SAMTOOLS (Li et al., 2009),
and PICARD (http://broadinstitute.github.io/picard) were used for a reference-guided
alignment, and GATK (v3.4; McKenna et al., 2010) was used to filter SNPs. We randomly
extracted a single SNP per locus when multiples were present, and used this data set for
subsequent SNP-based analyses.
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Phylogenetic and species tree analyses
We estimated the phylogeny for both unpartitioned, concatenated datasets in a Maximum
Likelihood framework with RAxML (v.8.1.2; Stamatakis, 2014) under the GTRGAMMA
model. We assessed nodal support with 500 rapid bootstrap replicates. A species tree was
also generated from the complete matrix using the summary species tree method in STEAC
as implemented in the R package phybase (v.1.3; Liu et al., 2009), which estimates gene
trees under a coalescent framework and infers the species tree from a distance matrix of
coalescent times in which the times are twice the average coalescent time across gene trees.

Population structure and migration
Population structure across the zone of admixture inferred by Welton et al. (2013b) was
assessed at the genomic level with a reduced data matrix consisting of 25 individuals
sampled across the available taxonomic diversity in the Philippines (samples of Varanus
rassmuseni are unavailable). We then analyzed the reduced SNP dataset in STRUCTURE
(v2.3.4; Pritchard et al., 2000, Falush et al., 2003, 2007, Hubisz et al., 2009), testing the fit of
the data to between 1 and 10 allelic populations (K). Analyses were run under the admixture
model with a burnin length of 100,000 generations, followed by 100,000 MCMC
replications. We ran 5 iterations for each value of K, summarizing and selecting the best-fit
value of K with STRUCTURE HARVESTER (Dent & vonHoldt, 2012).
We estimated migration and gene flow between species of the Varanus salvator
Complex with the TreeMix (Pickrell & Pritchard, 2012) algorithm. This method infers
population splits and mixture among sampled populations using a Gaussian approximation
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for genetic drift and empirical allele frequency data. Migration events are inferred on a
phylogenetic tree, allowing for both population splits and gene flow. We ran three separate
analyses with the full 3.3kb SNP dataset. We first included only the Philippine taxa (Varanus
bangonorum, V. cumingi, V. dalubhasa, V. marmoratus, V. nuchalis, V. palawanensis and V.
samarensis), disallowing gene flow. We then permitted gene flow with this dataset to look
specifically at patterns of migration within the archipelago. We lastly included the out-group
taxa V. togianus and V. salvator ssp. to assess gene flow both into and out of the Philippines.

Bayesian species delimitation
Estimates of taxonomic diversity among Philippine water monitors were tested with Bayes
Factor Delimitation (BFD; Grummer et al., 2014). We assessed the presence of between 2
and 5 species using Bayes factors. This method has the benefit of accounting for non-nested
delimitation models and the assignment of individual samples to alternative lineages. We
tested seven different hypotheses of species boundaries consisting of 1) five species
corresponding to current taxonomy; 2) 5 species with genetically admixed individuals of V.
bangonorum and V. marmoratus (Figs. 2, 3) assigned to V. palawanensis and V. dalubhasa,
respectively; 3) four species with boundaries conforming to Pleistocene-era faunal
boundaries (PAICs; Brown & Diesmos 2002); 4) four species based on our STRUCTURE
results; 5) three species based on our STRUCTURE results; 6) three species based on
historical taxonomy; and 7) two species based on a combination of historical taxonomy and
STRUCTURE results (Table 1). Species trees were estimated from SNP data with the
SNAPP (Bryant et al., 2012) using the plug-in module in BEAST (v2.1.2; Boukaert et al.,
2014). We applied mutation rates (U, V) of 0.615 and 2.664, and left all other parameters
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with their default values. We estimated marginal likelihoods as in Grummer et al. (2014),
utilizing harmonic mean and smoothed harmonic mean estimation, path-sampling, and
stepping-stone analyses. Bayes factors were calculated from the marginal likelihoods of
competing hypotheses of taxonomic diversity.

Biogeographical inference
We estimated ancestral distributions with BioGeoBears (Matzke, 2013a, 2014a), run in R
(Matzke, 2012, 2013). This method for inferring patterns of historical biogeography is ideal
due to the ability to investigate and compare a number of alternative models, selecting the
best-fitting model using Likelihood-ratio tests, and is especially useful when dealing with
insular radiations (Matzke, 2014a,c). The distributions of our 12 samples (species and
subspecies) were coded as Philippine, Sundaic, or Sulawesi. We compare the fit of our data
to six models of biogeographic evolution: (1) Dispersal-Extinction-Cladogenesis (DEC), (2)
Dispersal-Extinction-Cladogenesis + jump dispersal (j), (3) DIVALIKE, (4) DIVALIKE + j,
(5) BAYAREALIKE, and (6) BAYAREALIKE + j. We assessed model fit with weighted
proportions of AIC scores to discriminate between the three major model classes, and a onetailed chi-squared test to investigate the impact of including jump dispersal.

Results
Sampling, loci captured and locus informativeness
We recovered a maximum of 4128 of the 5472 UCE loci targeted (minimum = 2796). Our
analysis matrices consisted of 1) no missing data, 1,673 loci (~900bp average) and more than
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5,000 parsimony-informative sites; and 2) 25% missing data, 3,813 loci (~800bp average)
and more than 10,000 parsimony-informative sites.

Phylogenetic and species tree inference
Our phylogenetic analyses on the matrix with no missing data resulted in a well-resolved
(bootstrap > 70, pp ≥ 95) phylogeny in conflict with the results of Welton et al. (2013b,
2014; Fig. 2A, B). Our topology improves resolution both within and between species.
However, single samples of both Varanus marmoratus and V. bangonorum were recovered in
well-supported clades of V. dalubhasa and V. palawanensis, respectively (Fig. 2C). Outside
of these, all other samples were recovered within well-supported, morphologically identified
species lineages. Our analyses of the data matrix that allowed for 25% missing data resulted
in a nearly identical topology, but with all samples recovered within their morphologically
defined species groups (Fig. 2C).
Our species tree analysis resulted in a topology identical to that obtained from the
25% missing data matrix (not shown), with the relationships among all recognized Philippine
species fully resolved (pp ≥ 95). Our fully resolved species tree for Philippine taxa consists
of a monophyletic Philippine assemblage with an initial divergence of the clade comprised of
V. cumingi and V. samarensis. The remaining taxa form a clade, with V. bangonorum+V.
palawanensis sister to a monophyletic lineage of V. marmoratus+V. dalubhasa sister to V.
nuchalis. Interestingly, the sister relationship between the non-Philippine taxa togianus and
salvator macromaculatus was not well supported.
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Figure 2. Hypothetical cladograms derived from (A) Welton et al. (2013), (B) Welton et al. (2014a), and (C)
Maximum Likelihood estimates from genomic datasets with no missing data (left, 1,673 loci) and allowing 25%
missing data (right, 3,813 loci).

Population structure and migration
Our single nucleotide polymorphism dataset consisting of 3,300 SNP loci which, when
applied to STRUCTURE analyses, support the presence of 5 (K= 5) allelic populations.
Additionally, we recover similar patterns to those inferred by Welton et al. (2013b), with a
number of individuals having admixed genomic histories (comprised of multiple allelic
populations). Specifically, we find multiple individuals morphologically diagnosed as
Varanus marmoratus (Luzon) containing alleles of V. dalubhasa (Bicol), as well as two
samples of V. bangonorum with apparent allelic introgression from V. palawanensis (Fig.
3A). Additionally, those two samples of V. bangonorum also contain signatures of allelic
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variation from V. nuchalis from the central Visayan islands of the archipelago. We also find
negligible signal of V. bangonorum and V. nuchalis introgressed with single samples of V.
marmoratus (Fig. 3A).

Figure 3. Estimates of population structure and allelic admixture among species of Philippine water monitor
lizards (A), (B) phylogenetic estimate as inferred by TreeMix, (C) migration inferred amongst Philippine
samples only, and (2) migration inferred among Philippine and non-Philippine species of the Varanus salvator
Complex.
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Our two methods for assessing gene flow and migration generally yielded similar
results. Without migration TreeMix recovers a topology that mirrors our species tree, with
samarensis and cumingi recovered as sister to the rest of the Philippine taxa. These remaining
taxa are recovered in two clades, the first consisting V. nuchalis sister to V. dalubhasa + V.
marmoratus, and the second of V. bangonorum sister to V. palawanensis (Fig. 3B). However,
when migration among the Philippine taxa is permitted, V. palawanensis is recovered in a
more basal position (exclusive of cumingi and samarensis). The four remaining taxa are
recovered in two clades, the first consisting of V. dalubhasa and V. marmoratus, and the
second of V. bangonorum and V. nuchalis (Fig. 3C). We also inferred unidirectional gene
flow from V. palawanensis to V. bangonorum (Fig. 3C). Allowing migration and including
non-Philippine taxa resulted in a topology that mirrors that recovered from our analysis on
Philippine samples only, without migration (as well as the majority of our phylogenetic
analyses; Fig. 3B,D). We find additional gene flow between Philippine and non-Philippine
taxa, with bi-directional migration inferred into and out of the Philippines between the nonPhilippine taxa (V. salvator and V. togianus) and V. palawanensis and V. bangonorum (Fig.
3D).

Species delimitation
Our Bayesian tests of taxonomic hypotheses support the currently recognized taxonomy of
Philippine lineages based on the samples included here (Table 1). Historical taxonomy
(Varanus marmoratus sensu lato), combining V. bangonorum, V. dalubhasa, and V.
marmoratus had the lowest likelihood scores and highest Bayes factors of the delimitations
tested. With one exception, delimitation support (high likelihood values and low Bayes
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factors) decreased with hypotheses of lower species diversity. In this one case, the two-taxon
hypothesis was supported over the three-taxon hypothesis envoking V. marmoratus sensu
latu.
Table 1. Summary of taxonomic and species boundary hypotheses, and results of Bayes Factor Delimitation
analyses for each hypothesis. MLE = Maximum Likelihood score and BF = Bayes factor, for a given
delimitation.
Hypothesis
current taxonomy
admixed individuals re-assigned
PAIC-based: dalubhasa + marmoratus, bangonorum, nuchalis,
palawanensis
STRUCTURE-based: bangonorum + palawanensis, dalubhasa,
marmoratus, and nuchalis
STRUCTURE-based: bangonorum + palawanensis, dalubhasa
+ marmoratus, and nuchalis
historical taxonomy (marmoratus sensu lato): bangonorum +
dalubhasa + marmoratus, nuchalis, and palawanensis
STRUCTURE-based: bangonorum + palawanensis, and
dalubhasa + marmoratus + nuchalis

# species
5
5

MLE
-35215.1
-35584.9

Rank
1
2

BF
—
739.5

4

-36034.7

3

1639.2

4

-36288.4

4

2146.6

3

-37108.4

5

3786.6

3

-41018.3

7

2

-40625.1

6

11606.
3
10820.
0

Biogeographic Inference
Our ancestral range estimation confounds the hypothesis proposed by Welton et al. (2014b),
recovering an “into the Philippines” pattern of diversification (not shown). Weighted AIC
scores and chi-squared tests support a DEC+j (dispersal-extinction-cladogenesis + jump
dispersal) biogeographic process. The ancestral ranges estimated for all nodes uniting
Philippine samples are supported as being Philippine in origin. Given the topological reliance
of these kinds of inferences, such a result is not all that surprising in light of the novel (and
fully resolved) topology inferred from the genomic data.
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Discussion
Phylogenetics and population Structure
We provide resolution for the systematic placement of Philippine water monitors, recovering
well-resolved topologies with phylogenetic and species tree methods that support a
monophyletic Philippine radiation, sister to the remaining members of the Varanus salvator
Complex. Perhaps most interesting, is the placement of genetically admixed individuals when
different datasets are analyzed. Morphologically diagnosed samples of Varanus bangonorum
and V. marmoratus were incorrectly recovered within their respective sister lineages (V.
palawanensis and V. dalubhasa) when we did not permit any missing data in our data matrix.
However, the recovery of these samples in their “real” species groups when the more
extensive dataset was analyzed, underscores the benefit of including more loci even if those
loci are missing for some individuals (e.g. allowing for 25% missing data). Additional, more
thorough investigation of the species boundaries for the taxa involved is necessary to fully
realize the extent to which relevant taxa hybridize (e.g. current versus historical, frequency).
The application of genome-wide molecular data, ultra-conserved elements (UCEs) in
this case, facilitated the inference of a fully resolved tree within populations and amongst
species. The data applied here resolved relationships that are at most, ~5Ma (Welton et al.
2014b). Similarly, such data is shown to be robust for systematic inferences even in systems
like the Varanus salvator Complex, where species boundaries are made complex by
relatively recent divergences and apparent gene flow.
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Migration and biogeography
We inferred a similar zone of admixture as Welton et al. (2013b), stretching from
Palawan Island, through Mindoro and Semirara islands, and into Luzon Island. Interestingly,
we recover two separate migratory phenomena among the Philippine samples; between the
Bicol Peninsula (Varanus dalubhasa) and Luzon proper (V. marmoratus) and also between
Palawan (V. palawanensis) and Mindoro and Semirara islands (V. bangonorum). Both
instances are evidenced by inferred allelic admixture, while only the latter is recovered by
migration-specific analysis (Fig. 3). The apparent relationship between V. marmoratus and V.
dalubhasa, and the dynamics associated with their distributional boundaries (i.e. a hybrid
zone), requires more extensive sampling of water monitor populations along the Tayabas
Isthmus and southeastern Luzon, the presumed zone of contact for these taxa.
The recovery of allelic signature from the central Visayan taxon, nuchalis, in the
genomes of V. bangonorum samples warrants further investigation. To date, no Varanus
samples are available from the Romblon Island group (though photographic evidence
supports their presence; LJW unpublished data), which is situated directly between the
Visayan Islands and Mindoro (and Semirara), and so would seem a plausible avenue for
dispersal between these regions. However, it remains possible, and even somewhat likely
given the relatively low proportion of allelic admixture in just a few individuals, that this is a
signal of retained ancestral polymorphism rather than a signal associated with migration and
hybridization.
Our inference of gene flow and admixture between Palawan and Mindoro, as well as
between these lineages and the non-Philippine lineages sampled, bolsters the historical view
of Palawan Island serving as a faunal corridor from Sundaland to the Philippines (Heaney,
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1985; Esselstyne et al., 2010), and at least in part, from the Philippines back into Sundaland
(Blackburn et al., 2010; Esselstyne et al., 2010) Unfortunately, these phenomena cannot be
placed in an absolute time frame at this time. However, two scenarios seem most plausible:
(1) conservatively, that migration via Palawan coincides with cyclical sea level fluctuations
over the past 5 Ma, and has been rather episodic; or (2) that migration is ongoing in spite of
the biogeographic barrier imposed by the marine channels separating Sundaland, Palawan,
Mindoro, and Semirara (e.g. Balabac, Mindoro straits). Additional analyses including
additional sampling from Palawan, Borneo, Mindoro, and the intervening islands (e.g.
Balabac, Busuanga, Pulau Banggi) are necessary to fully investigate these scenarios.

Species delimitation and conservation
Our Bayesian estimates of species diversity support the current taxonomy of at least seven
endemic species of Philippine water monitor (Varanus bangonorum, V. cumingi, V.
dalubhasa, V. marmoratus, V. nuchalis, V. palawanensis, and V. samarensis). While we do
not question the validity of the taxon V. rasmusseni, there are no genetic samples for this
taxon available and so we refrain from discussing its validity in this context. The additional
support for V. dalubhasa and V. bangonorum underscores the level of insular endemicity
within the Philippines, and the need for continued establishment of protected areas across the
archipelago. In the case of V. dalubhasa, much of the original habitat for this taxon has been
converted into agricultural land and the species has routinely been encountered in illegal
trade markets (Welton et al., 2013a). Additional, population-level assessments are badly
needed in order to effectively implement conservation procedures ranging from the setting of
sustainable harvest quotas to the allotment of necessary land area for protection.
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There remains the possibility of undocumented taxonomic diversity within the
Philippines, with a number of deep water and isolated islands having yet to be surveyed
(Turtle Islands, Cagayan Sulu Islands, etc.). At least in some cases these islands are home to
populations of water monitors (LJW unpublished data), though their taxonomic status
remains speculative at best.

Acknowledgements
We thank the Philippine Biodiversity Monitoring Bureau (BMB) for facilitating collecting
and export permits necessary for this study. Financial support for fieldwork and lab work was
provided by National Science Foundation (NSF) EF-033492 and DEB 0073199, 0640737,
and 0743491 to RMB. Additional funding to LJW was provided by a University of Kansas
Biodiversity Institute Panorama Fund grant and by a Brigham Young University High Impact
Doctoral Research Award. We thank J. Vindum and A. Leviton (CAS), G. Schneider
(UMMZ), K. de Queiroz and A. Winn (USNM), and L. Grismer (La Sierra University) for
access to tissues. Additionally, thanks are due to all members of the Brown and Sites
laboratories, and we thank our many field companions (in particular A.C. Diesmos) and
assistants (in particular V. Yngente and J. Fernandez) for their invaluable insights and efforts.

References
Bejerano G, Pheasant M, Makunin I, Stephen S, et al. 2004. Ultraconserved Elements in the
Human Genome. Science, 304(5675): 1321–1325.
Benton MJ. 2009. The Red Queen and the Court Jester: Species Diversity and the Role of Biotic
and Abiotic Factors Through time. Science, 323(5915): 728–732.

84

Blackburn DC, Bickford DP, Diesmos AC, Iskandar DR, Brown RM. 2010. An Ancient Origin
for the Enigmatic Flat-Headed Frogs (Bombinatoridae: Barbourula) from the Islands of
Southeast Asia. PLoS ONE, 5(8): e12090, doi: 10.1371/journal.pone.0012090
Bouckaert R, Heled J, Kühnert D, Vaughan T, Wu C-H, Xie D, Suchard MA, Rambaut A,
Drummond AJ. 2014. BEAST2: A software platform for Bayesian Evolutionary analysis.
PLoS Computational Biology, 10(4): e1003537. Doi: 10.1371/journal.pcbi.1003537
Brown RM, Diesmos AC. 2002. Application of lineage-based species concepts to oceanic island
frog populations: the effects of differing taxonomic philosophies on the estimation of
Philippine biodiversity. The Silliman Journal, 42: 133–162.
Brown RM, Diesmos AC. 2009. Philippines, Biology. In: Gillespie R, Clague D, eds.
Encyclopedia of Islands. Berkeley, CA: University of California Press, 723–732.
Brown RM, Siler CD, Oliveros CH, Esselstyn JA, Diesmos AC, Hosner PA, Linkem CW, Barley
AJ, Oaks JR, Sanguila MB, Welton LJ, Blackburn DS, Moyle RG, Peterson AT, Alcala AC.
2013. Evolutionary processes of diversification in a model island archipelago. Annual Review
of Ecology, Evolution, and Systematics, 44: 411–435.
Bryant D, Boukaert R, Felsenstein J, Rosenberg NA, Choudhury AR. 2012. Inferring species
trees directly from biallelic genetic markers: bypassing gene trees in a full coalescent
analysis. Molecular Biology and Evolution, 29: 1917–1932.
Carling MD, Brumfield RT. 2007. Gene sampling strategies for multi-locus population estimates
of genetic diversity (θ). PLoS ONE, 2: e160.
Chambers JM. 1998. Software for Data Analysis: Programming with R. Springer Publishing
Company.

85

Crawford NG, Faircloth BC, McCormack JE, et al. 2012. More than 1000 ultraconserved
elements provide evidence that turtles are the sister group of archosaurs. Biology Letters, 8:
783–786.
Delsuc F, Brinkmann H, Philippe H. 2005. Phylogenomics and the reconstruction of the tree of
life. Nature Reviews Genetics, 6: 361–375.
Dent EA, vonHoldt BM. 2012. STRUCTURE HARVESTER: a website and program for
visualizing STRUCTURE output and implementing the Evanno method. Conservation
Genetics Resources, 4(2): 359–361.
Edwards SV, Beerli P. 2000. Perspective: gene divergence, population divergence, and the
variance in coalescence time in phylogeographic studies. Evolution, 54: 1839–1854.
Esselstyn JA, Oliveros CH, Moyle RG, Peterson AT, McGuire JA, Brown RM. 2010. Integrating
phylogenetic and taxonomic evidence illuminates complex biogeographic patterns along
Huxley’s modification of Wallace’s Line. Journal of Biogeography, 37: 2054–2066.
Faircloth BC, Branstetter MG, White ND, Brady SG. 2014. Target enrichment of ultraconserved
elements from arthropods provides a genomic perspective on relationships among
Hymenoptera. Molecular Ecology Resources, 15: 489–501.
Faircloth BC, McCormack JE, Crawford NG, et al. 2012. Ultraconserved Elements Anchor
Thousands of Genetic Markers Spanning Multiple Evolutionary Timescales. Systematic
Biology, 61: 717–726.
Faircloth BC, Sorenson L, Santini F, Alfaro ME. 2013. A Phylogenomic Perspective on the
Radiation of Ray-Finned Fishes Based upon Targeted Sequencing of Ultraconserved
Elements (UCEs). PLoS ONE, 8: e65923

86

Falush D, Stephens M, Pritchard JK. 2003. Inference of Population Structure Using Multilocus
Genotype Data: Linked Loci and Correlated Allele Frequencies. Genetics, 164: 1567–1587.
Falush D, Stephens M, Pritchard JK. 2007. Inference of population structure using multilocus
genotype data: dominant markers and null alleles. Molecular Ecology Notes, 7(4): 574–578.
Heaney LR. 1985. Zoogeographic evidence for middle and late Pleistocene land bridges in the
Philippine Islands. Modern Quaternary Research in Southeast Asia, 9, 127–144.
Hubisz MJ, Falush D, Stephens M, Pritchard JK. 2009. Inferring weak population structure with
the assistance of sample group information. Molecular Ecology Resources, 9: 1322–1332.
Keping S, Meiklejohn KA, Faircloth BC, et al. 2014. The evolution of peafowl and other taxa
with ocelli (eyespots): A phylogenomic approach. Proceedings of the Royal Society of
London B Biological Sciences, 281:, 20140823.
Koch A, Auliya M, Schmitz A, Kuch U, Böhme W. 2007. Morphological studies on the
systematics of South East Asian water monitors (Varanus salvator Complex): nominotypic
populations and taxonomic overview. In: Advances in Monitor Research III (eds. Horn HG,
Böhme W, Krebs U). Mertensiella, 16: 109–180.
Koch A, Gaulke M, Böhme W. 2010. Unravelling the underestimated diversity of Philippine
water monitor lizards (Squamata: Varanus salvator complex), with the description of two
new species and a new subspecies. Zootaxa, 2446: 1–54.
Li H, Durbin R. 2009. Fast and accurate short read alignment with Burrows-Wheeler transform.
Bioinformatics, 25: 1754–1760.
Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G, Durbin R.
2009. The Sequence Alignment/Map format and SAMtools. Bioinformatics, 25(16):
doi:10.1093/bioinformatics/btp352.

87

Liu L, Yu L, Kubatko L, Pearl DK, Edwards SV. 2009. Estimating species phylogenies using
coalescence times among sequences. Systematic Biology, 58(5): 468–477.
Matzke NJ. 2013a. Probabilistic Historical Biogeography: New Models for Founder-Event
Speciation, Imperfect Detection, and Fossils Allow Improved Accuracy and Model-Testing.
Frontiers of Biogeography, 5(4): 242–248.
Matzke NJ. 2013b. BioGeoBEARS: Biogeography with Bayesian (and Likelihood) Evolutionary
Analysis in R Scripts. R package, version 0.2.1, http://CRAN.Rproject.org/package=BioGeoBEARS
Matzke NJ. 2013c. cladoRcpp: C++ implementations of phylogenetic claculations. R package,
version 0.14.2, http://CRAN.R-project.org/package=cladoRcpp
Matzke NJ. 2014a. Model Selection in Historical Biogeography Reveals that Founder-event
Speciation is a Crucial Process in Island Clades. Systematic Biology, 63(6): 951–970.
Matzke NJ. 2014b. BioGeoBears: an R package for model testing and ancestral state estimation
in historical biogeography. Methods in Ecology and Evolution,
Matzke NJ. 2014c. Model selection reveals differences in cladogenesis processes operating in
island versus continental clades. Journal of Biogeography
Matzke NJ, Sidje RB. 2013. rexpokit: R wrappers for EXPOKIT. R package, version 0.24.2,
http://CRAN.R-project.org/package=rexpokit
McCormack JE, Faircloth BC, Crawford NG, et al. 2012. Ultraconserved Elements Are Novel
Phylogenetic Markers that Resolve Placental Mammal Phylogeny when Combined with
Species Tree Analysis. Genome Research, 22: 746–754.

88

McCormack JE, Harvey MG, Faircloth BC, et al. 2013. A Phylogeny of Birds Based on Over
1,500 Loci Collected by Target Enrichment and High-Throughput Sequencing. PLoS ONE,
8: e54848.
McKenna A, Hanna M, Banks E, Sivachenko A, Cibulskis K, Kernytsky A, Garimella K,
Altshuler D, Gabriel S, Daly M, DePristo MA. 2010. The Genome Analysis Toolkit: A
MapReduce framework for analyzing next-generation DNA sequencing data. Genome
Research, 20: 1297–1303.
Miller W, Rosenbloom K, Hardison RC, et al. 2007. 28-Way vertebrate alignment and
conservation track in the UCSC Genome browser. Genome Research, 17: 1797–1808.
Paradis E, Claude J, Strimmer K. 2004. APE: analyses of phylogenetics and evolution in R
language. Bioinformatics, 20: 289–290.
Pickrell JK, Pritchard JK. 2012. Inference of Population Splits and Mixtures from Genome-Wide
Allele Frequency Data. PLoS Genetics, 8(11): e1002967. doi: 10.1371/journal.pgen.1002967.
Pritchard JK, Stephens M, Donnelly P. 2000. Inference of Population Structure Using Multilocus
Genotype Data. Genetics, 155: 945–959.
Siepel A, Bejerano G, Pedersen JS, et al. 2005. Evolutionarily conserved elements in vertebrate,
insect, worm, and yeast genomes. Genome Research, 15: 1034–1050.
Smith BT, Harvey MG, Faircloth BC, et al. 2014. Target Capture and Massively Parallel
Sequencing of Ultraconserved Elements (UCEs) for Comparative Studies at Shallow
Evolutionary Time Scales. Systematic Biology, 63: 83–95.
Vogler AP, Desalle R. 1994. Diagnosing Units of Conservation Management. Conservation
Biology, 8(2): 354–363.

89

Welton LJ, Siler CD, Linkem CA, Diesmos AC, Diesmos ML, Sy E, Brown RM. 2013a.
Dragons in our midst: Phyloforensics of illegally traded Southeast Asian monitor lizards.
Biological Conservation, 159: 7–15.
Welton LJ, Siler CD, Oaks JA, et al. 2013b. Multilocus phylogeny and Bayesian estimates of
species boundaries reveal hidden evolutionary relationships and cryptic diversity in Southeast
Asian monitor lizards. Molecular Ecology, 22: 3495–3510.
Welton LJ, Travers SL, Siler CD, Brown RM. 2014a. Integrative taxonomy and phylogeny-bsed
species delimitation of Philippine water monitor lizards (Varanus salvator Complex) with
descriptions of two new cryptic species. Zootaxa, 3881: 201–227.
Welton LJ, Wood Jr. PL, Oaks JR, Siler CD, Brown RM. 2014b. Fossil-calibrated phylogeny
and historical biogeography of Southeast Asian water monitors (Varanus salvator Complex).
Molecular Phylogenetics and Evolution, 74: 29–37.
Wiens JJ, Hutter CR, Mulcahy DG, Noonan BP, Townsend TM, Sites JW, Reeder TW. 2012.
Resolving the phylogeny of lizards and snakes (Squamata) with extensive sampling of genes
and species. Biology Letters, 8(6): 1043–1046.
Woods PL, Heinicke MP, Jackman TR, Bauer AM. 2012. Phyogeny of bent-toed geckos
(Cyrtodactylus) reveals a west to east pattern of diversification. Molecular Phylogenetics and
Evolution, 65(3): 992–1003.
Zerbino DR, Birney E. 2008. Velvet: Algorithms for de novo short read assembly using de
Bruijn graphs. Genome Research, 18: 821–829.

90

Chapter 4
Fossil-calibrated phylogeny and historical biogeography of Southeast Asian water monitors
(Varanus salvator Complex)
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ABSTRACT: We utilize robust geographical genetic sampling, a multilocus dataset, a new
synthesis of numerous fossil calibration points, a time-calibrated phylogeny, and the DispersalExtinction-Cladogenesis model to test the prediction that widespread Southeast Asian water
monitor species initially diversified on the Asian mainland and subsequently invaded the island
archipelagos of the Philippines, Sundaland, and Wallacea. Our results strongly contradict these
expectations and instead infer an initial water monitor radiation of range-restricted but highly
divergent evolutionary lineages (now recognized as endemic species) in one archipelago around
3.6 mya, followed by an out-of-the-Philippines reinvasion of the mainland (2.2 mya), resulting in
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a few, widespread species that now inhabit most the islands of the Sunda Shelf and the southeast
Asian mainland as far north as Myanmar, as well as an out-of-the-Philippines invasion of
Sulawesi (2.1 mya). Our analyses both confirm the importance of island archipelagos as drivers
of diversification for mainland biodiversity and emphasize the global evolutionary significance
and conservation priority of the Philippines for understanding processes of diversification in
island archipelagos.

Keywords: Biogeography, Diversification, Islands, Lizard, Reptile.

1. Introduction
Southeast Asia is a biologically and geologically diverse region, having undergone continued
and dynamic geological change since the end of the tertiary, some 30 million years ago—change
which has dramatically altered the composition of islands and their relative geographical
positions in the region (Hall, 1996, 1998, 2002). Throughout the Southeast Asian and IndoAustralian archipelagos, a series of sea plate collisions in combination with strike-slip fault
volcanism have created a geographically dynamic region (Hall, 1996, 1998, 2002; Rangin, 1990;
Yumul et al., 2003, 2009; Dimalanta and Yumul, 2004), ultimately shaping distributions and
patterns of diversification of resident flora and fauna in these regions (Lohman et al., 2011;
Brown et al., 2013). More recently, during the Pleistocene, the islands of Southeast Asia have
been particularly affected by climatological fluctuations, resulting in an oscillating cycle of sea
level change which has repeatedly altered the exposure, area, and connectivity of the regions’
geological components (Inger, 1954; Heaney, 1986; Hall, 1996, 1998; Rohling et al., 1998;
Karns et al., 2000; Voris, 2000; Siddal et al., 2003; Woodruff, 2010). With such a dynamic
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geographic template, insular Southeast Asia represents an ideal region for examining the effects
of geologic and climatic influences on phylogenetic processes and the accumulation of
biodiversity (Delacour and Mayr, 1946; Inger, 1954; Evans et al., 2003; Jansa et al., 2006;
Essylstyn and Brown, 2009; Siler et al., 2012; Brown et al., 2013).
Monitor lizards have long occupied a unique place among herpetologists, being both an
often large, conspicuous member of their respective ecosystems, as well as more recently
representing flagship species for conservation (Welton et al., 2010). Despite being the subject of
rigorous taxonomic study, relatively little attention has been given to the geological processes
which have shaped evolution and distribution of this group (but see Arida and Böhme, 2010;
Fuller et al., 1998; Pianka et al., 2004; Portik and Papenfuss, 2012; Vidal et al., 2012; Smissen et
al., 2013). With few exceptions (Portik and Papenfuss, 2012; Smissen et al., 2013), previous
studies have largely focused on estimating the origin of the genus as a whole, with little
inference into the origin of constituent lineages, and routes and timing of dispersal events.
Much of this work has been limited by data quality, quantity, and availability. Fossil
evidence, multi-locus DNA sequence data, and accurate paleo-reconstructions are necessary to
accurately infer evolutionary histories, and these sources of data are becoming ever more
accessible and of increasing quality (Conrad et al., 2012; Hall, 2013; Portik and Papenfuss, 2012;
Vidal et al., 2012; Welton et al., 2013).
The Asian water monitors (Varanus salvator Complex) are a taxonomically diverse
assemblage (Koch, 2010; Koch et al., 2007, 2010; Welton et al., 2012), with a geographic
distribution rivaled in area by only one other lineage in the genus (V. indicus Complex; Cota,
2008; Ziegler et al., 2007; Philipp et al., 1999; Pianka et al., 2004). This distribution spans the
entirety of Sundaland, stretching westward to the eastern coast of India and Sri Lanka (including
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the Andaman and Nicobar islands), north to southern China, Myanmar, and Bangladesh, and
with an eastern extent into the Philippines and western Wallacea (Koch, 2010; Koch et al., 2007,
2010; Welton et al., 2013).

1.2 The Varanus salvator Complex
Over the past decade, the Varanus salvator Complex has undergone numerous taxonomic
revisions, elevating a number of insular populations to species, as well as identifying
phenotypically distinct populations, assigned to sub-specific rank (Gaulke, 1991, 1992; Koch,
2010; Koch et al. 2007, 2010; Welton et al., 2013). As currently recognized, the complex is
comprised of twelve taxa (seven species: V. salvator, V. cumingi, V. marmoratus, V. nuchalis, V.
palawanensis, V. rasmusseni, and V. togianus; and five subspecies: V. salvator andamanensis, V.
s. bivittatus, V. s. macromaculatus, V. s. ziegleri, and V. cumingi samarensis), distributed from
the Indian subcontinent to the western margins of Wallacea. Recent multi-locus phylogenetic and
species tree analyses assessed the species boundaries for the group, and identified two additional,
phylogenetically unique lineages masquerading as the northern Philippine V. marmoratus from
the Bicol region of Luzon Island and from the deep water islands of Mindoro and Semirara
(Welton et al., 2013). These, along with the currently recognized taxa V. cumingi, V. c.
samarensis, V. marmoratus, V. nuchalis, V. palawanensis, and V. rasmusseni are all endemic to
the Philippine archipelago. Based on the findings of Welton et al. (2013), the remaining diversity
represent nested subsets of a larger, predominately Philippine clade. These include V. s.
bivittatus (Java Island), V. s. macromaculatus (Myanmar, W. Malaysia, Singapore, and
Sumatra), and V. togianus (Sulawesi Island). Given the unique and surprising phylogenetic
relationships of the group (Welton et al., 2013), with all of the non-Philippine taxa nested within
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a predominately Philippine clade, the Varanus salvator Complex represents a compelling
assemblage for examining patterns of diversification on a geographic template as turbulent and
diverse as that of Southeast Asia (Hall, 1998, 2002; Yumul et al., 2009; Brown and Diesmos,
2009; Brown et al., 2013).
Previous treatments of the Varanus salvator Complex have rarely taken historical
biogeography into account (but see Gaulke, 1991), despite the lineage’s distribution across such
a geologically active region. In this study, we set out to test the hypothesis of the Southeast
Asian water monitors having diversified originally on the mainland of Indochina and Sundaland,
with subsequent dispersal into the Philippine and Indonesian archipelagos, following the
generalized predictions of Diamond (1974, 1977). Additionally, we seek to explore three
hypotheses relating to dispersal corridors into and out of the Philippines: (1) Sundaland–
Palawan–Mindoro–Luzon; (2) Sundaland–Sulu Archipelago–Mindanao; and (3) Sulawesi–
Mindanao. Using a fossil-calibrated molecular phylogenetic analysis in conjunction with
enhanced understanding of the identity and distribution of relevant evolutionary lineages
(Welton et al., 2013), and applying model-based biogeographic inference, we sought to better
understand the historical biogeography of the Varanus salvator Complex. Our results suggest
that, in fact, the Philippines represents the ancestral source of lineages currently found
throughout the Greater Sundas and Indochina, and that the Philippines has served as a driver of
diversification, generating novel ‘out-of-archipelago’ evolutionary lineages that then dispersed
throughout much of Southeast Asian and the insular southwest Pacific while diversifying
throughout the past five million years.
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2. Materials and Methods
2.1 Taxon sampling and data collection
We used the recent datasets of Welton et al. (2012, 2013), totaling 88 samples within the genus
Varanus and representing 49 of the 73 described species, as well as a number of subspecies and
putative taxa. Welton et al.’s (2012, 2013) original dataset was trimmed down so that only two
exemplars from each taxon, or major island population, were represented, resulting in exemplars
for our focal group (Varanus salvator Complex) of V. cumingi cumingi (6), V. c. samarensis (2),
V. marmoratus (6), V. cf. marmoratus (7), V. nuchalis (6), V. palawanensis (2), V. salvator
bivittatus (2), V. s. macromaculatus (4), and V. togianus (2). Samples for V. rasumusseni, V. s.
andamanensis, V. s. macromaculatus (from Borneo), V. s. salvator, and V. s. ziegleri were
unavailable. This dataset consisted of two anonymous nuclear loci (L52 and L74; Alföldi et al.,
2011), two coding nuclear genes, diacylglyceral lipase-alpha (DGL-α; Alföldi et al., 2011) and
the prolactin receptor (PRLR; Townsend et al., 2008), and the mitochondrial region spanning the
NADH dehydrogenase subunits 1 and 2 and seven flanking tRNAs (ND1, ND2; Ast, 2001). The
combined, 5-locus dataset was comprised of 2,531 bp for ND1/ND2, 651bp for DGL-α, 545bp
for L52, 185bp for L74 (Dryad accession doi:10.5061/dryad.m0n61), and 541bp for PRLR
(Supplemental Table S4). Additionally, we added mitochondrial and PRLR data for several
varanines and outgroup taxa. From Vidal et al. (2012) we added mitochondrial data for Anolis
carolinensis, Anguis fragilis, Anniella pulchra, Celestus enneagrammus, Elgaria multicarinata,
Pseudopus apodus, Shinasaurus crocodilurus, and Xenosaurus grandis. Additionally, we added
PRLR data for V. acanthurus and V. exanthematicus from Wiens et al. (2012; GenBank
accessions JN880892 and JN880893, respectively). See Supplemental Table S4, for sample
identities.

96

2.2 Sequence alignment and phylogenetic analyses
Initial alignments were produced with the MUSCLE (v3.831; Edgar, 2004) algorithm
implemented in GENEIOUS (v5.5.6; Drummond et al., 2011), with manual adjustments made in
MESQUITE (v2.75; Maddison and Maddison, 2011).
Divergence time estimates were calculated in BEAST (v1.7.5; Drummond et al., 2012)
with the dataset partitioned by gene or gene region (seven partitions, with tRNAs treated as a
separate partition). Multiple preliminary analyses using an uncorrelated lognormal clock for
each gene partition failed to convergence. To help with chain mixing we applied two
uncorrelated lognormal relaxed clocks, one to the mitochondrial dataset (ND2+ND1+tRNA’s)
and the second to nuclear dataset (L52+L74+DGL-α+PRLR). Clock models were linked for
each regional clock and rate multipliers were applied to allow rate heterogeneity among genes.
All substitution models were unlinked and follow the AIC model scheme of Welton et al. (2012,
2013). Analyses employed a user defined starting tree, generated by applying minimum and
maximum bounds from fossil calibrations using uniform distributions from the node age
constraints in STARTTREE (Heath, 2012; Heath et al., 2012). Yule tree priors were applied and
ran for two independent runs of 100 million generations sampling every 10,000 generations with
ten percent of each run discarded as burnin. We used LOGCOMBINER (BEAST v1.7.5;
Drummond and Rambaut, 2007; Drummond et al., 2012) to combine two independent BEAST
analyses, which converged on the same parameter space, and used TRACER (v1.5; Rambaut and
Drummond, 2007) to ensure that estimated sample sizes (ESS) were greater than 200 and to
check for adequate chain length. Please refer to our final xml BEAST file deposited at Dryad
(doi: XXXX) for further information on the priors applied for BEAST analyses.
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We used seven fossils to calibrate our phylogeny, six of which were previously employed
by Vidal et al. (2012), and one that has only recently been described (Conrad et al., 2012). A
summary of these fossils is supplied in Supplemental Appendix (as well as a summary of
Varanus in the fossil record), and the priors applied to these calibrations in Supplemental Table
S5.

2.3 Ancestral area reconstructions
We used the Maximum Likelihood Dispersal Extinction Cladogenesis model, implemented in
Lagrange (v1.0; Ree and Smith, 2008) to reconstruct the ancestral range of the Varanus salvator
Complex radiation (scripts generated with the configuration tool at
http://www.reelab.net/lagrange). All sampled members of the V. salvator Complex included in
BEAST analyses (as well as V. rudicollis) were coded based on contemporary distributions in
one of four areas: 1) Indochina; 2) Philippines; 3) Sundaland; or 4) Wallacea. Our fossilcalibrated chronogram (maximum clade credibility tree) from BEAST was applied, with samples
trimmed down to one exemplar per population (island populations, and recognized or putative
species). Two analyses were run to estimate the ancestral area of the node uniting Varanus
rudicollis and the V. salvator Complex (as well as a number of daughter nodes), one using equal
dispersal rates between areas (1.0), and the other applying variable rates based on relative
distances between areas at time intervals going back 30 my in 5 my intervals (Supplemental
Table S6). Both analyses were constrained to a maximum ancestral range size of two and
allowed all ranges to be included. All other settings were left at default values, with additional
rate parameters estimated.
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3. Results
3.1 Phylogenetic analyses
Analyses of the combined, partitioned dataset resulted in a well-supported topology (Fig. 1;
Supplemental Figure 3), with non-Varanus salvator Complex relationships mirroring that of
Vidal et al. (2012) and Welton et al. (2013). The preferred topology for the V. salvator Complex,
although differing from the consensus tree from Welton et al. (2013), is congruent with one of
the *BEAST species trees presented in that study (Welton et al., 2013: Supplemental Fig. 6).
Varanus rudicollis is recovered as the well-supported sister lineage to the V. salvator Complex.
Within the radiation of Asian water monitors, the clade comprised of V. cumingi cumingi and V.
c. samarensis is recovered as the lineage derived from the most basal node. Sister to the V.
cumingi clade is V. marmoratus, which is in turn sister to the remaining sampled diversity within
the Complex. Two non-Philippine lineages, V. salvator bivittatus and V. s. macromaculatus,
form a clade sister to V. togianus and the remaining Philippine members of the Complex. Sister
to V. togianus are two clades, one being comprised of V. palawanensis and V. cf. marmoratus
from the islands of Mindoro and Semirara, and the other of V. nuchalis and V. cf. marmoratus
from the Bicol region of Luzon and Polillo and Catanduanes islands (Fig. 1). All of these
relationships received high posterior probability support (pp ≥ 99%) except for the nodes uniting
1) V. nuchalis + V. cf. marmoratus (Bicol) and V. palawanensis + V. cf. marmoratus (Mindoro);
and 2) V. togianus and the four lineages referenced above (Fig. 1).

3.2 Timing of diversification
Generally, the confidence intervals for divergence dates on our chronogram are relatively narrow
toward the terminals, but become broader, deeper in the phylogeny (Fig. 1; Supplemental Figs. 3,
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Figure 1. Fossil-calibrated phylogeny for the Varanus salvator Complex, and distributions of major lineages
within the Philippines. Not shown are distributions for V. salvator salvator (Sri Lanka), V. s adamanensis
(Andaman Islds.), V. s. macromaculatus (India, Indochina, and Borneo and Sumatra islands), V. s. bivittatus
(Java Island), V. s. ziegleri (Obi Island), and V. togianus (Sulawesi Island.) Nodes receiving >0.95 posterior
probability indicated by circle, and bars indicate 95% confidence interval.
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4; Supplemental Table S7). Within the Varanus salvator Complex, confidence intervals are
markedly narrower than those recovered between other lineages within our sampling (See
Supplemental Table S5 and S7 for mean ages and confidence intervals for nodes).
Higher-level divergence dates inferred here are concordant with those inferred by Vidal
et al. (2012). For our focal group, the Varanus salvator Complex, we infer a basal split from its
sister taxon, V. rudicollis, 13.6233 mya, followed by the V. cumingi lineage splitting from the
remainder of the complex 3.6233 mya and the two cumingi taxa diverging from one another
1.8679 mya. At 2.9981 mya V. marmoratus (Luzon, Lubang, and Calayan islands) diverged,
followed by V. salvator bivittatus and V. s. macromaculatus at 2.2143 mya, which it turn split
from one another at 1.5113 mya. Varanus togianus then split from the remainder of the salvator
Complex at 2.0871 mya, followed by the divergence between the V. palawanensis + V. cf.
marmoratus (Mindoro) and V. nuchalis + V. cf. marmoratus (Bicol) clades at 1.9795 mya. The
major splits within these two clades (between the recognized taxa and cf. marmoratus lineages)
occurred at 1.7474 and 1.433 mya, respectively (Fig. 1).

3.3 Ancestral range reconstructions
Our ancestral range reconstructions recovered similar results between runs. The equal dispersal
rates analysis preferred, though only slightly, an ancestral area of Sundaland for the node uniting
Varanus rudicollis and the V. salvator Complex. Additionally, three nodes were inferred to have
an ancestral area of the Philippines + Sundaland: (1) the basal node uniting all members of the
salvator Complex, (2) the node uniting all lineages except for V. cumingi, and (3) the node
uniting all lineages except for V. cumingi and V. marmoratus. The node uniting V. togianus with
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the remaining salvator Complex lineages was recovered with an ancestral area dominated by the
Philippines + Wallacea. The remaining nodes were all recovered as Philippine (Fig. 2A).
Our relative dispersal analysis yielded only slightly different reconstructions, with the
basal node uniting V. rudicollis and the V. salvator Complex recovered as the Philippines +
V. rudicollis
V. cumingi cumingi
V. cumingi samarensis
V. marmoratus
V. salvator bivittatus

Philippines

V. s. macromaculatus

Wallacea

V. togianus

Sundaland

V. cf. marmoratus
(Mindoro)

Philippines + Wallacea

V. palawanensis

Philippines + Sundaland

A

V. cf. marmoratus
(Bicol)
2.0

V. nuchalis

10 Mya

5 Mya

V. rudicollis
V. cumingi cumingi
V. cumingi samarensis
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V. salvator bivittatus

Philippines

V. s. macromaculatus

Wallacea

V. togianus
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Figure 2. Ancestral area reconstructions for major lineages within the Varanus salvator Complex and its sister
species, V. rudicollis. (A) Equal dispersal probabilities between all areas from 0 to 115 mya; (B) Dispersal
probabilities based on relative geographic position of each area at 5 my intervals (see Supplemental Table S6 for
values.)
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Sundaland. The only other difference was in the reconstruction for the nodes uniting the V.
cumingi clade, and V. marmoratus, with the remainder of the salvator Complex. In both cases,
the Philippines alone was recovered with low probability, with the Philippines + Sundaland still
being the preferred reconstruction (Fig. 2B).

4. DISCUSSION
4.1 Taxon sampling
Our results provide reasonable inferences into the biogeographical history and timing of
diversification of the Asian water monitors, and specifically those lineages endemic to the
Philippines, especially given the concordance of our divergence date estimates with previous
studies (Vidal et al., 2012). However, as with the original publications from which our data were
derived (Welton et al., 2013, Vidal et al., 2012), our inferences are somewhat limited by the
geographic scope of sampling, with the absence of samples from all taxonomic units or major
island lineages (namely, Borneo) within the Varanus salvator Complex, particularly those
outside of the Philippines, as well as being limited by the of the loci analyzed. Given that our
inferences of historical biogeography are conditional on our sampling, we expect future studies
that are able to incorporate more thorough sampling across the entire range of the V. salvator
Complex, especially outside of the Philippines, will continue to improve estimates of this
group’s evolutionary history.

4.2 Historical biogeography and divergence within the V. salvator Complex
The Varanus salvator Complex initially diverged from it’s closest relative (V. rudicollis) in the
middle Miocene, nearly 14 million years ago (mya). During this time, Southeast Asia was in the
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middle of a major geological transformation (Hall, 2002, 2013; Fig. 3). Sea levels were some
50–60 m Sea levels were some 50–60 m lower than present levels and many components of the
contemporary geography had not yet been formed (Voris, 2000; Hall, 2001, 2012, 2013; Houben
et al., 2012). At the time, components that had already formed with land-positive areas consisted
of the (1) Indochinese mainland coupled with western Borneo, (2) an island complex which

Figure 3. Geological reconstructions of Southeast Asia, modified from Hall (2013), indicating distributions of the
Varanus salvator Complex at 15, 10, and 5 mya, as well as the current recognized distributions of sampled lineages.
Ancestral distributions based both on contemporary and reconstructed areas for lineages. Major, sampled
components of the contemporary distribution of the V. salvator Complex identified as: (1) Myanmar; (II)
Philippines; (III) W. Malaysia; (IV) Borneo; (V) Sulawesi; (VI) Sumatra; and (VII) Java.
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would eventually comprise portions of western Sumatra, (3) the Palawan Microcontinent Block
(Palawan Island and associated islands just to the north, parts of Mindoro Island and the
Romblon Island Group), (4) portions of the Sulu Archipelago and the Zamboanga Peninula of
western Mindanao Island, and (5) insular components of Sulawesi (Fig. 3A; Hall, 2001; 2012,
2013; Houben et al., 2012; Yumul et al., 2003; Zamoras and Matsuoka, 2004). It was during this
time, presumably, that the ancestor of the V. salvator Complex first invaded the Philippine
archipelago most likely via a dispersal event through the Sulu Archipelago and Zamboanga
Peninsula. The divergence of the V. cumingi taxa around 3.6 mya (Fig. 1) precedes the “final”
positioning of Palawan Island between Borneo and Luzon. The shorter distance between the land
positive regions of the Sulu Archipelago, and both Borneo and Mindanao Islands (Fig. 3), as well
as the current distribution of the V. cumingi taxa (southern, rather than northern Philippines),
indicates the Sulu Archipelago being the most likely dispersal corridor into the Philippines.
However, this inference is only partially supported by ancestral area reconstructions (Fig. 2).
Basal divergence within the V. salvator Complex occurred just under 4 mya, during the
early Pliocene. The geographic range of the V. salvator Complex has now become more
dynamic, consisting of numerous independent land masses (Fig. 3C), presumably a result of
additional dispersal events, continued geologic changes (5–10 mya; Fig. 3), sea-level
oscillations, and increased volcanism throughout the archipelago. It is at this time, with western
Mindanao now land-positive, that the ancestors of the two V. cumingi lineages diverged through
over water dispersal. Additional over water dispersal, resulting in the northward expansion of the
complex’s range along the Philippine’s eastern island arc, progressively colonizing paleo-islands
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comprised of portions of present day Samar, Leyte, Masbate, and Luzon islands (Brown et al.,
2013: Fig. 3).
In two apparent back-dispersal events during the early to mid-Pleistocene, the clade
comprised of V. salvator bivittatus + V. s. macromaculatus, and then Varanus togianus,
consecutively split from the complex at 2.2 and 2.1 mya. Based on available sampling, one can
infer two plausible routes for these dispersals events: (1) ancestors of the clade V. salvator
bivittatus + V. s. macromaculatus dispersing out of the Philippines into Borneo and the
Indochinese peninsula, and (2) V. togianus dispersing out of the Philippines into Sulawesi. The
first may have been via Palawan or the Sulu archipelago, though the later divergence dates of
lineages endemic to islands along the Palawan route may indicate a more likely Sulu route. The
second, involving V. togianus, most likely utilized a southward route from Mindanao Island,
through the Celebes Sea and along the Sangihe Ridge to Sulawesi. While speculative at this time
without more robust sampling throughout Borneo, Indochina, and northern Wallacea, this
scenario is quite plausible given our topology, as well as a number of previous studies
highlighting faunal affinities between the Philippines and Wallacea along the Sangihe Ridge
(Auffenberg, 1980; Gaulke, 1991; Evans et al., 2003; Honda et al., 2005; Brown et al., 2013).
Additionally, although these colonization routes currently are interspersed with both insular and
marine components, the oscillating sea levels of the Pleistocene provided a mechanism for
dispersal along these corridors, as global glaciation events resulted in the reduction of sea levels
by as much as 130 m or more (Sathiamurthy and Voris, 2006). This resulted in the formation and
dissolution of island complexes (Pleistocene Aggregate Island Complexes [PAICs]; Heaney,
1985; Brown and Diesmos, 2002, 2009; Siler et al., 2010, 2012), whereby islands separated by
shallow seas became interconnected during periods of glaciation (presumably with increased
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faunal exchange), and separated again during inter-glacial cycles (Diamond and Gilpin, 1983;
Brown and Siler, 2013). Finally, lowered sea levels presumably also decreased the effectiveness
of marine barriers, possibly facilitating dispersal between areas that might have been otherwise
inaccessible.
The Philippine island of Luzon represents the source for the remaining diversification
events inferred within the Varanus salvator Complex. The Palawan Microcontinent Block,
containing the Palawan Island Complex, Mindoro, Semirara and a part of Panay islands began
colliding with Luzon nearly 15 mya. However, the timing of diversification for the lineages
inhabiting those islands only dates to 1.98 mya (early Pleistocene). Given this supported
divergence date, it is reasonable to conclude that one plausible mechanism of diversification
stems from sea level oscillation and the formation and dissolution of PAICs. The divergence
between V. palawanensis and V. cf. marmoratus (Mindoro and Semirara islands), as well as that
between V. nuchalis and V. cf. marmoratus (Bicol, Polillo, and Catanduanes islands) was 1.75
and 1.43 mya respectively, and possibly related to dynamics of dispersal between PAICs,
followed by subsequent isolation and divergence.
Ancestral area analyses failed to discriminate between the Philippines and Sundaland as
being the ancestral range of the Varanus salvator Complex. However, given both the genetic and
taxonomic diversity present in the Philippines, relative to that present throughout Sundaland, it
would not be surprising if more rigorous and data-rich analyses implicate this archipelago as the
ultimate source of diversity within the salvator Complex. Additionally, the ambiguous
reconstructions at several nodes would require numerous, over-water dispersals, rather than just
two (Philippines to Borneo, and Philippines to Sulawesi). As with phylogenetic analyses, those
for ancestral areas are ultimately limited by sampling due to their reliance on an a priori
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topology. The paucity of samples from Borneo and additional portions of Indochina and
Wallacea limit our inferential power. Similarly, the limited nature of Varanus fossils which can
be confidently assigned to one lineage or another, or which can validate the presence of the
genus in focal regions such as the Philippines, necessitates a caveat when inferring divergence
dates or ancestral areas. Despite our inclusion of the majority of taxa within the V. salvator
Complex, the potentiality remains for bias in results from both phylogenetic (Gauthier et al.,
1988; Lecointre et al., 1993; Poe, 1998) and ancestral state reconstructions (Gauthier et al., 2012;
Wiens et al., 2012). Therefore, the inclusion of samples from throughout Indonesia (namely,
Borneo), will continue to improve estimates of potential areas of endemism for this clade.
Inferring an oceanic origin (Philippine) for a rather diverse lineage of vertebrates, while
in discordance with the classic “downstream dispersal” (continents to islands but not vice-versa)
paradigm of Diamond (1974, 1977), has been inferred elsewhere. Similar patterns have been
observed in Pacific radiations of birds (Filardi and Moyle, 2005), Anolis lizards (Losos and
Thorpe, 2004; Losos et al., 1998; Thomas et al., 2009), Eleutherodactylus frogs (Heinicke et al.,
2007), Tropidophorus skinks (Honda et al., 2005), and arthropods (Spironello and Brooks,
2003), with radiations indicative of island origins and subsequent back dispersal to continental
regions. With early founder events of insular habitats, followed by millions of years of geologic
and climatic change, especially to the extent that has been shown for Southeast Asia and the
Pacific, its not surprising that these regions may serve as drivers of diversification for a growing
number of taxa (Hedges et al., 2009; Linkem et al., 2013; Losos et al., 1998; Siler and Brown,
2011; Brown et al., 2013). These findings underscore the need for broad taxonomic sampling in
order to accurately infer biogeographic origins and histories of clades, goals that should be
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paramount when assessing biodiversity and organismal response to both geological and
climatological change.
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Chapter 5
Integrative taxonomy and phylogeny-based species delimitation of Philippine water
monitor lizards (Varanus salvator Complex) with descriptions of two new cryptic species

LUKE J. WELTON1, SCOTT L. TRAVERS2, CAMERON D. SILER3, and RAFE M. BROWN2
1

Department of Biology, Brigham Young University, Provo, UT 84602, USA. Email:

lwelton@byu.net
2

Department of Ecology and Evolutionary Biology, and Biodiversity Institute, University of

Kansas, Dyche Hall, 1345 Jayhawk Blvd, Lawrence, KS 66045-7561, USA.
Email: rafe@ku.edu
3

Sam Noble Oklahoma Museum of Natural History and Department of Biology, University of

Oklahoma, Norman, OK 73072-7029, USA. Email: camsiler@ou.edu

ABSTRACT: We describe two new species of morphologically cryptic monitor lizards (genus
Varanus) from the Philippine Archipelago: Varanus dalubhasa sp. nov. and V. bangonorum sp.
nov. These two distinct evolutionary lineages are members of the V. salvator species complex,
and historically have been considered conspecific with the widespread, northern Philippine V.
marmoratus. However, the new species each share closer phylogenetic affinities with V. nuchalis
(and potentially V. palawanensis), than either does to one another or to V. marmoratus.
Divergent from other recognized species within the V. salvator Complex of water monitors by as
much as 3.5% pairwise genetic distance, these lineages are also distinguished by unique gular
coloration, metrics of body size and scalation, unexpected phylogenetic relationships, and insular
allopatric distributions, suggesting biogeographically distinct and unique evolutionary histories.
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We compare the new species with the most geographically proximate and phenotypically
relevant lineages. Although we show that these new taxa are nearly indistinguishable
morphologically from V. marmoratus, both species can be readily distinguished from their
closest relatives (each’s respective sister taxon, V. palawanensis, and V. nuchalis) by traditional
morphological characters. Our findings underscore the unprecedented herpetological diversity
and biogeographical complexity of vertebrates in the Philippines, and further emphasize the need
for detailed study of species-level diversity, mechanisms of reproductive isolation, gene flow,
and biologically relevant boundaries between taxa within the V. salvator Complex.

Key words: biogeography, cryptic diversity, within-island speciation, Southeast Asia, Varanidae.

Introduction
The past decade has seen an paradigm shift in methods of species delimitation. The addition
of multi-locus, molecular phylogenies and robust biogeographical reconstructions to the
toolkits of systematists and taxonomists, have led to rigorous pluralistic species delimitation
approaches (derived from multiple sources of data). When coupled with the increased
availability of specimen-based information, due to continued survey efforts, we find
ourselves in the midst of a new generation of biodiversity studies aimed at the identification
and description of novel evolutionary lineages in Southeast Asia. A call for integrative
approaches to taxonomy has been promoted across disciplines (Knapp 2008; Vogler &
Monaghan 2007; Wilson 2003, 2004; Dayrat 2005). Proponents of this perspective suggest
that the combined use of classic morphological characters with molecular data,
environmental niche information, and biogeographic inference, may inform researchers best

123

about the origins and evolutionary trajectories of lineages (Padial et al. 2010; Welton et al.
2013a).
Many of these studies invoke the Evolutionary Species Concept of Simpson (1961),
and Wiley (1978; see also Templeton 1989), and a recent extension of these ideas in the
form of the General or “Unified” Species Concept of Mayden (1997, 2002) and de Queiroz
(2005, 2007). These applications consider a species a distinctly evolving lineage (ancestordescendant series of populations) whose members share a common evolutionary trajectory
and who are, for the most part, distinct from other such lineages (Frost & Hillis 1990). For
the recognition of evolutionary lineage-based species, use of multiple lines of evidence
releases the taxonomist from the pitfalls associated with sole reliance on one set of
characters that may have been applied previously to diagnose a given taxon (Padial et al.
2010). Rather, integrative approaches to taxonomy may be better served by allowing the
investigator to select the most appropriate (e.g., informative, diagnostic, robust) suite of
data relevant to the specific organisms under study (Welton et al. 2013a; Grismer et al.
2013).
Although knowledge of biodiversity is a common motivation behind taxonomic
study, conservation urgency and applied management issues add additional need for studies
of species boundaries. A growing number of reptile and amphibian taxa are subject to
intense anthropogenic pressures (Böhm et al. 2013; Wake 2013). Recent estimates indicate
that nearly 19% of the world’s reptiles (Böhm et al. 2013), and perhaps as much as 40% of
the world’s amphibians (Stuart et al. 2004; Wake 2013) are now at risk of extinction.
Therefore it is vital that herpetologists assess the diversity within these groups in order to
better understand conservation priorities, and more efficiently and effectively implement
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conservation actions. Recognizing genetically distinct lineages, through either taxonomic
revision or their designation as evolutionarily significant units (ESUs), is vital to ensure
persistence of these lineages, especially when they are found to represent populations
facing intense harvest pressures (Evans et al. 2003; Spinks et al. 2012; Welton et al. 2013b).
The squamate genus Varanus (family Varanidae), comprised of a charismatic and
diverse assemblage of more than 100 named lineages (73 species, 30 subspecies; Koch et
al. 2010a; Uetz & Hošek 2013), is distributed throughout Africa, southern Asia, and the
Indo-Australian regions. The past decade has seen an increase in the description of
morphologically and genetically distinct taxa, many of which resulted from applying new
data to the findings of previous authors who recognized the distinctiveness of insular
populations, but either lacked the tools or sufficient specimens to fully explore species
boundaries on a fine geographic scale (Koch et al. 2010b; Koch & Böhme 2010; Ziegler et
al. 2007).
The most taxonomically rich assemblage of monitor lizards is the Varanus salvator
Complex, which consists of 12 taxa (seven species, five subspecies) and a distribution
stretching from the Indian subcontinent to western Wallacea (Fig. 1). More than half of
these named taxa have only recently been described or elevated to their current taxonomic
position (Koch et al. 2010b; Koch & Böhme 2010). The majority of these recent changes
have followed the previous inferences of Mertens (1942a–c) and Koch et al. (2007), who
identified morphologically distinct populations within the Asian water monitor, and named
either subspecies or diagnosable island populations as new species, respectively.
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Figure 1. The distribution of the Varanus salvator Complex water monitor species. Pleistocene Aggregate
Island Complex (PAIC) faunal regions in the Philippines are delineated by the 120m underwater contour.
Both V. togianus and V. s. macromaculatus are reported to occur on Sulawesi Island. The distribution of V.
rasmusseni is denoted with an asterisk, “*”, while the distributions of the two newly identified evolutionary
lineages (Welton et al. 2013a,b) are denoted by question marks (?); see Figure 2.

By far, the highest taxonomic diversity within this group is endemic to the
Philippines. This radiation, perhaps the initial ancestral lineage of the salvator Complex
(Welton et al. 2013a,b), was re-evaluated by Koch et al. who elevated three taxa to full
species status (Varanus marmoratus, V. nuchalis, and V. cumingi; Koch et al. 2007), and
later described two new species and one subspecies (V. palawanensis, V. rasmusseni, and V.
c. samarensis; Koch et al. 2010b). These studies resulted in the recognition of a total of six
named endemic Philippine taxa (Figs. 1, 2). The phylogenetic placement of V. rasmusseni
is unknown, due to the unavailability of genetic material.
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Varanus marmoratus, the “widespread” monitor species from the northern
Philippines, has long been recognized as occurring throughout the Luzon, Mindoro, and
Palawan faunal regions and the Sulu Archipelago (Figs. 1, 2; Mertens 1942a–c; Gaulke
1991, 1992, 1998; Koch et al. 2007). The work of Koch et al. (2010b) restricted this
taxon’s range to Mindoro and Luzon islands and resulted in the recognition of the Palawan
and Sulu faunal region populations as new species (V. palawanensis and V. rasmusseni,
respectively). However, the populations on Mindoro Island have recently been viewed as a
putative distinct evolutionary lineage, potentially warranting additional taxonomic scrutiny
(Gaulke & Koch 2010; Koch et al. 2010b; Welton et al. 2013a,b). Furthermore, recent
phylogenetic analyses of the V. salvator Complex (Welton et al. 2013a,b) revealed that V.
marmoratus, as currently recognized, is not a monophyletic lineage, and required further
taxonomic scrutiny. In these studies, based either on mtDNA (Welton et al. 2013b) or a
multilocus dataset (Welton et al. 2013a), V. marmoratus was shown to consist of three
distinct, stongly supported evolutionary lineages. The first of these three lineages
corresponds to “true” V. marmoratus, distributed throughout the majority of northern Luzon
Island, as well as the Batanes and Babuyan island groups and Lubang Island. This
geographic distribution of this lineage contains the presumed type locality near the capital
city, Manila (Mertens 1942a–c). The second lineage was shown to have phylogenetic
affinities to V. palawanensis, and occurs on the deep-water islands of Mindoro and
Semirara (Fig. 2). Finally, and perhaps most surprising, was the recovery of a distinct
lineage distributed in the Bicol faunal sub-region (the Bicol Peninsula of Luzon Island,
Polillo Island, and Catanduanes Island; Fig. 2). This lineage, despite its geographic
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proximity to V. marmoratus, is most closely related to V. nuchalis of the Visayan faunal
region in the central Philippines (Welton et al. 2013a,b).
In this paper we take an additional step towards the taxonomic resolution of the
Varanus salvator Complex by recognizing as distinct species two additional evolutionary
lineages from the biogeographically unique Mindoro faunal region and Bicol faunal subregion. Although the new species are “cryptic” with respect to Varanus marmoratus, they
are readily diagnosed from their actual closest relatives, V. palawanensis and V. nuchalis,
respectively. Recognition of these obviously distinct evolutionary lineages has the added
benefits of imparting a classification that is consistent with evolutionary and biogeographic
history as isolated allopatric lineages, further stabilizing water monitor taxonomy, and
providing a taxonomic hypothesis for future genome-wide inquiries.

Materials and Methods
Morphological data.—We scored morphological data from specimens preserved in 10% formalin
and stored in 70% ethanol (see Specimens Examined section for specific specimen information).
Morphological data were taken with digital calipers (to the nearest 0.1mm) by LJW only, in an
effort eliminate inter-observer bias (Lee 1982; Hayek et al. 2001). Sex was determined by direct
inspection of reproductive elements (hemipenes). When hemipenes were not everted, sex was
determined by dissection to verify the presence/absence of hemipenes. Population Agregation
Analyses were performed for all characters. The following morphological characters were scored
for all specimens, and follow the character definitions of Koch et al. (2007): snout–vent length,
head length, head width, head height at eye, eye–naris distance, naris–snout distance, rictus–
rictus scale count, scale count around the base of the tail, scale count around the tail at 1/3
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distance from the base, midbody scale row count, ventral scale count from gular fold to hind
limb insertion, ventral scale count through gular region, dorsal scale count from tympanum to
gular fold, dorsal scales from gular fold to hind limb insertion, supralabial scale count, scale
count around the neck anterior to gular fold, enlarged supraocular scale count. Finally, all
available specimens from U.S. repositories were examined for morphological variation.

Sampling, DNA sequencing, phylogeny estimation and genetic distance.—We supplemented the
mitochondrial dataset of Welton et al. (2013a,b; ND1 and ND2) with three additional samples
from Mindoro Island (Table 1). The full dataset was trimmed to include only samples from the
Varanus salvator Complex and V. rudicollis due to previous inferrences of their sister
relationship (Ast 2001; Vidal et al. 2012; Welton et al. 2013a,b). Extraction, PCR, and
sequencing protocols followed those of Welton et al. (2013a,b). All novel sequences were
submitted to Genbank (Table 1).
Sequences were initially aligned with the program Muscle (v3.831; Edgar 2004) as
implemented in Geneious (v5.5.6; Drummond et al. 2011), with manual adjustments made in
Mesquite (v2.75; Maddison & Maddison 2011) to ensure proper reading frame when coding
regions were translated into amino acids. We conducted partitioned Maximum Likelihood
(RAxML v7.5.5; Stamatakis 2006) and Bayesian (MrBayes v3.2; Ronquist et al. 2011)
phylogenetic analyses. Partitioning schemes for ML and Bayesian analyses, and applied models
of evolution follow those of Welton et al. (2013a). Likelihood analyses were performed with a
random starting tree under the GTR + I + Γ model, employing 100 replicate ML inferences, and
with nodal support estimated by 1000 bootstrap pseudoreplicates. Bayesian analyses were run
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Taxon
V. bangonorum
V. bangonorum
V. bangonorum
V. bangonorum
V. bangonorum
V. bangonorum
V. bangonorum
V. dalubhasa
V. dalubhasa
V. dalubhasa
V. dalubhasa
V. dalubhasa
V. dalubhasa
V. dalubhasa
V. cumingi
V. cumingi
V. cumingi
V. cumingi
V. cumingi
V. cumingi
V. cumingi
V. cumingi
V. cumingi
V. cumingi
V. cumingi
V. cumingi
V. cumingi
V. c. samarensis
V. c. samarensis
V. marmoratus
V. marmoratus
V. marmoratus

Institution
KU 305151
KU 305161
KU 305163
KU 308437
KU 335742
KU 335743
KU 335744
KU 306601
KU 306602
KU 306603
KU 308216
KU 313880
KU 326702
KU 326703
CDSGS 08
CMNH H1400
CMNH H1627
CMNH H2627
KU 309898
KU 314128
KU 315216
KU 315217
KU 315218
KU 315219
KU 315220
KU 321814
INA 0003
KU 310870
KU 335263
ACD 2575
ACD 5863
CDS 3830

Locality
Semirara
Semirara
Semirara
Mindoro
Mindoro
Mindoro
Mindoro
Bicol, Luzon
Bicol, Luzon
Bicol, Luzon
Catanduanes
Bicol, Luzon
Polillo
Polillo
Camiguin Sur
Talikud
E. Mindanao
E. Mindanao
Camiguin Sur
E. Mindanao
W. Mindanao
W. Mindanao
W. Mindanao
W. Mindanao
W. Mindanao
W. Mindanao
Dinagat
Samar
Bohol
N. Luzon
S. Luzon
Lubang

ND1/ND2
JX677582/JX677699
JX677583/JX677700
JX677581/JX677698
JX677584/JX677701

DGL-alpha
KC795060
KC795061
KC795059
KC795062

L52
KC795105
KC795106
KC795104
KC795111

PRLR
KC795184
KC795185
KC795183
KC795188

JX677589JX677703
JX677590/JX677704
JX677591/JX677705
JX677592/JX677706
JX677588/JX677702
JX677614/JX677718
JX677615/JX677719
JX677619/JX677723
JX677621/JX677725
JX677624/JX677728
JX677625/JX677729
JX677620/JX677724
JX677622/JX677726
JX677626/JX677730
JX677631/JX677735
JX677627/JX677731
JX677629/JX677733
JX677630/JX677734
JX677628/JX677732
JX677623/JX677727
JX677617/JX677721
JX677618/JX677722
JX677641/JX677745
JX677659/JX677763
JX677663/JX677767

KC795034
KC795035
KC795036
KC795053
KC795043
KC795040
KC795052
KC795016
KC795017
KC795018
KC795019
KC795014
KC795015
KC795025
KC795023
KC795021
KC795024
KC795020
KC795022
KC795074
KC795031
KC795026
KC795070
–
KC795054

KC795108
KC795109
KC795110
KC795095
KC795150
KC795120
KC795121
KC795107
KC795112
KC795113
KC795114
KC795145
KC795149
KC795123
KC795148
KC795124
–
KC795147
–
–
KC795097
–
KC795086
KC795088
KC795100

KC795186
KC795187
KC795188
KC795181
KC795210
KC795195
KC795228
KC795219
KC795169
KC795178
KC795190
KC795208
KC795209
KC795170
KC795217
KC795168
KC795218
–
–
KC795227
–
KC795224
KC795212
–
KC795182
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TABLE 1. Sample identity and data accession information (GenBank) for phylogenetic analyses. Institutional abbreviations are as follows: CAS, California
Academy of Sciences; CMNH, Cincinnati Museum of Natural History; KU, University of Kansas Biodiversity Institute; LSUH, La Sierra University; TNHC,
Tennessee Natural History Collection, and UMMZ, University of Michigan Museum of Zoology. Uncatalogued/unvouchered samples are indicated by ACD,
BSI, CDSGS, CDS, INA, LJW, and RMB field numbers. Due to alignment length, L74 data was deposited at Dryad (doi: 10.5061/dryad.m0n61).

Institution
KU 304595
KU 304853
KU 304879
KU 304880
KU 305152
KU 305158
KU 305159
KU 314033
KU 322191
KU 323362
KU 323432
KU 323433
KU 323434
KU 323435
KU 323436
KU 323437
KU 323438
KU 323439
KU 323440
KU 325842
KU 326697
KU 327752
KU 329428
KU 330729
KU 330731
KU 330132
KU 330133
RMB 4290
RMB 4519
TNHC 63000
CNMH H768
CDS 4399
KU 305134
KU 305148
KU 305153
KU 305157

Locality
Calayan
Babuyan Claro
Calayan
Calayan
Lubang
Lubang
Lubang
Batan
Lubang
E. Luzon
E. Luzon
E. Luzon
E. Luzon
E. Luzon
E. Luzon
E. Luzon
E. Luzon
E. Luzon
E. Luzon
C. Luzon
N. Luzon
Calayan
N. Luzon
N. Luzon
N. Luzon
N. Luzon
N. Luzon
W. Luzon
S. Luzon
S. Luzon
Panay
Negros
Sibuyan
Sibuyan
Negros
Negros

ND1/ND2
JX677642/JX677746
JX677658/JX677762
JX677638/JX677742
JX677639/JX677743
JX677660/JX677764
JX677662/JX677766
JX677661/JX677765
JX677637/JX677741
JX677664/JX677768
JX677650/JX677754
JX677648/JX677752
JX677649/JX677753
JX677646/JX677750
JX677644/JX677748
JX677647/JX677751
JX677651/JX677755
JX677653/JX677757
JX677645/JX677749
JX677652/JX677756
JX677654/JX677758
JX677643/JX677747
JX677640/JX677744
–
–
–
–
–
JX677655/JX677759
JX677657/JX677761
JX677656/JX677760
JX677603/JX677603
JX677606/JX677713
JX677610/JX677610
JX677609/JX677609
JX677604/JX677604
JX677605/JX677605

DGL-alpha
KC795066
KC795067
KC795068
KC795069
KC795056
KC795057
KC795058
KC795073
KC795055
KC795045
KC795033
KC795044
KC795039
KC795037
KC795032
KC795046
KC795048
KC795038
KC795047
KC795049
KC795042
–
–
KC795076
–
KC795075
KC795077
KC795041
KC795050
KC795051
KC795071
KC795030
KC795064
KC795065
KC795027
KC795028

L52
KC795140
KC795141
KC795142
KC795143
KC795093
KC795094
KC795095
KC795146
KC795101
KC795125
–
–
KC795119
KC795116
KC795117
KC795126
KC795128
KC795118
KC795127
–
KC795087
KC795089
KC795129
KC795132
KC795133
KC795130
KC795131
KC795136
KC795137
KC795138
KC795115
KC795102
KC795139
KC795092
KC795098
KC795099

PRLR
KC795205
KC795206
KC795224
KC795207
KC795222
KC795223
KC795180
KC795216
KC795179
KC795198
KC795175
KC795197
KC795194
KC795215
KC795192
KC795213
KC795200
KC795193
KC795199
KC795201
KC795226
–
–
KC795231
–
KC795229
KC795230
–
KC795211
KC795203
KC795191
KC795173
KC795204
KC795221
KC795171
KC795172

131

Taxon
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. nuchalis
V. nuchalis
V. nuchalis
V. nuchalis
V. nuchalis
V. nuchalis

Institution
KU 305172
KU 335261
RMB 3326
KU 309607
KU 327843
LJW 0088
UMMZ 227121
UMMZ 227122
UMMZ 227129
ACD 3585
CAS 212011
LSUH
UMMZ 225562
UMMZ 227119
UMMZ 227128
RMB
BSI 1565

Locality
Sibuyan
Masbate
Negros
Palawan
Palawan
Trade sample
Java
Java
Java
Singapore
Myanmar
W. Malaysia
Sumatra
Sumatra
Sumatra
Sulawesi
Sulawesi

ND1/ND2
JX677608/JX677715
JX677607/JX677607
JX677600/JX677707
JX677580/JX677697
JX677601/JX677708
JX677685/JX677774
JX677575/JX677692
JX677576/JX677693
JX677577/JX677694
JX677570/JX677688
JX677572/JX677690
JX677571/JX677689
JX677678/JX677695
JX677574
JX677573/JX677691
JX677579/JX677696
JX677602/JX677709

DGL-alpha
KC795063
KC795072
KC795029
KC795013
KC795012
KC795078
–
–
–
–
–
KC795009
–
–
–
KC795010
KC795011

L52
KC795134
KC795103
KC795135
KC795144
–
KC795166
KC795151
KC795152
KC795155
–
KC795091
KC795156
–
–
KC795154
KC795122
KC795090

PRLR
–
KC795214
KC795174
KC795176
KC795177
–
–
–
–
–
–
KC795167
–
–
–
KC795196
KC795220
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Taxon
V. nuchalis
V. nuchalis
V. nuchalis
V. palawanensis
V. palawanensis
V. rudicollis
V. salvator bivittatus
V. s. bivittatus
V. s. bivittatus
V. s. macromaculatus
V. s. macromaculatus
V. s. macromaculatus
V. s. macromaculatus
V. s. macromaculatus
V. s. macromaculatus
V. togianus
V. togianus

with four independent Metropolis-coupled MCMC analyses, each with four chains and default
heating schemes. Analyses were run for 20 million generations, sampling every 1000
generations, and with the initial 20% discarded as a conservative burn-in. Stationarity and
convergence were assessed using Tracer (v1.4; Rambaut & Drummond 2007). We considered
nodes strongly supported if they were recovered with ≥ 70 bootstrap and ≥ 95 posterior
probability support across analyses (Rambaut & Drummond 2007; Ronquist & Huelsenback
2003).
Our alignment of ND1 and ND2 sequences was analysed with MEGA5 (v5.2.2; Tamura
et al. 2011) to estimate mean pairwise genetic distances between groups, leaving p-distance
settings to default. Groups were defined on the basis of recognized taxonomy and geography,
with ten total groups comprised of all sampled taxa of the V. salvator Complex plus
representatives from the Mindoro + Semirara and Bicol + Polillo + Cantanduanes (Figs. 1, 2)
populations.

Species concept.—We apply the Unified Species Concept of de Queiroz (2005, 2007; see also
Mayden 1997, 2002) as a general extension of the Evolutionary Species Concept of Simpson
(1961) and Wiley (1978), wherein a species is defined as a distinctly evolving ancestor–
descendant metapopulation series, constituting an evolutionary lineage, with a unique
evolutionary history and trajectory (Wiley 1978; Frost & Hillis 1990). Application of lineagebased evolutionary species concepts are noncontroversial and have been commonly applied in
island archipelagos like the Philippines where the geological history of the archipelago is
reasonably well understood (Hall 1998, 2002; Yumul et al. 2009), and species boundaries often
coincide with geologically cohesive landmasses. For the purpose of diagnosing evolutionary
species in the Philippines, we consider as distinct species those populations that are isolated as
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allopatric insular endemics on separate island banks or geological platforms (i.e., isolated on
separate Pleistocene Aggregate Island Complexes, PAICs; Voris 2000; Brown & Diesmos 2009;
Brown et al. 2013), and diagnosable as cohesive lineages, with supporting evidence from

Figure 2. Distribution of Philippine species in the Varanus salvator Complex, and Maximum Likelihood
phylogenetic inference (RAxML v7.5.4; Stamatakis, 2006) for the V. salvator Complex with Bayesian support
values (MrBayes v3.2; Ronquist et al. 2011) mapped onto relevant nodes. Solid circles indicate posterior
probabilities >95 and bootstrap support >75, open circles indicate bootstrap support >75 only. Asterisk “*” denotes
sampling from Semirara Island. Open stars indicate type localities for Varanus dalubhasa (Bicol Peninsula, Luzon
Island) and V. bangonorum (Mindoro Island).
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multiple sources of data, including diagnostic differences in morphology, ecology, genetic
information, and/or biogeographical inference.

Results
Morphology.—Our analyses of meristic and mensural data support the recognition of two
morphologically cryptic species, reinforcing the difficulty faced by previous researchers to
identify these lineages. These two, unique lineages have historically been asigned to Varanus
marmortus due to their similar morphological features. Despite the lack of diagnositic
morphological characters delimiting the new species from V. marmoratus, there are characters
present that distinguish each new species from its closest relative (Fig. 3). Dorsal scales and
those around the neck anterior to the gular fold (Table 2) distinguish the lineage from Mindoro +
Semirara islands from its presumed closest relative, V. palawanensis (based on Welton et al.
2013a; see below). Similarly, scale counts around the tail at one-third the distance from the base
of the tail, and gular and dorsal scale counts (Table 2) distinguish the Bicol Peninsula + Polillo
Island + Catanduanes Island lineage from its closest relative, V. nuchalis. Additionally, we
identified consistent diagnostic differences in gular color pattern among all taxa, with the
Mindoro + Semirara islands lineage exhibiting distinct clusters of moderately sized, dark spots
and the Bicol Peninsula + Polillo Island + Catanduanes Island lineage exhibiting smaller, more
variable dark speckling and occasional anterior bands. By comparison, the related taxa, V.
palawanensis, V. marmoratus, and V. nuchalis, generally exhibit variable speckling with anterior
transverse bands (V. palawanensis and V. marmoratus) or a solid dark coloration with no
discernable pattern (V. nuchalis; Fig 3). We did not find any consistent differences in dorsal
coloration or numbers of lighter, dorsal transverse bands. A summary of morphological and gular
coloration data can be found in Table 2.
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Figure 3. Comparison of gular coloration and patterning among Varanus dalubhasa sp. nov. (Bicol, Polillo,
Catanduanes), V. bangonorum sp. nov. (Mindoro, Semirara), V. marmoratus, V. nuchalis, and V. palawanensis.
Scale = 50mm.

Phylogeny.—Maximum Likelihood and Bayesian inferences yielded similar topologies, with no
well-supported conflicts. Phylogenetic relationships recovered in this study, while differing from
those of Welton et al. (2013a,b), still support the paraphyly of Varanus marmoratus (Fig. 2).
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Table 2. Morphological data for the geographically proximate and relevant lineages of water monitors in the Varanus
salvator Complex. All meristic characters takin in millimeters, and numbers in parentheses represent standard
deviations. Characters follow Koch et al. (2007, 2010b). Naris position measured as eye–naris distance/naris–snout
distance.
bangonorum
dalubhasa
marmoratus
nuchalis
palawanensis
(n=17)
(n=10)
(n=11)
(n=7)
(n=9)
max. snout–vent
length
head length
head width
head depth at eye
eye–naris
distance
naris–snout
distance
naris position
head/snout–vent
length
naris–snout/
snout–vent
length
head length/head
width
head length/head
depth at eye
scales from
rictus to rictus
scales around the
base of the tail
scales around the
tail a 1/3
distance from the
base
mid-body scales
ventral scales
from gular fold
to hind-limb
insertion
gular scales
count
total ventral
scales
dorsal scales
from tympanum
to gular fold
dorsal scales
from gular fold
to hind-limb
insertion
total dorsal
scales

390

505

454

442

576

60.17
(± 18.95)

67.13
(±14.81)

78.68
(± 11.14)

58.31
(± 17.51)

82.26
(± 20.64

30.42
(± 7.59)
20.82
(± 5.50)
20.57
(± 7.18)
9.94
(± 3.04)
2.05
(± 0.15)
0.066
(± 0.004)

37.67
(± 8.33)
25.62
(± 5.67)
23.51
(± 5.73)
11.27
(± 2.71)
2.09
(± 0.13)
0.068
(± 0.003)

41.39
(± 6.69
28.61
(± 3.06)
27.64
(± 4.24)
13.26
(± 1.81)
2.08
(± 0.11)
0.071
(± 0.005)

30.85
(± 8.99)
20.56
(± 5.75)
19.46
(± 6.70)
9.83
(± 3.11)
1.96
(± 0.13)
0.067
(± 0.005)

42.23
(±11.16)
27.08
(± 7.84)
27.89
(± 7.84)
14.61
(±3.72)
1.90
(± 0.11)
0.067
(± 0.004)

0.032
(± (0.003)

0.032
(± 0.002)

0.034
(± 0.002)

0.034
(± 0.004)

0.035
(± 0.003)

1.86
(± 0.17)
2.61
(± 0.17)

1.85
(± 0.08)
2.73
(± 0.17)

1.90
(± 0.05)
2.75
(± 0.22)

1.89
(± 0.07)
2.82
(± 0.16)

1.95
(± 0.08)
2.63
(± 0.12)

56 (± 4)

55 (± 5)

54 (± 3)

52 (± 4)

62 (±4)

98 (± 6)

98 (± 5)

91 (± 7)

97 (± 6)

102 (± 6)

51 (± 4)

53 (± 4)

53 (± 5)

46 (± 3)

55 (± 5)

136 (± 9)

138 (± 7)

132 (± 7)

150 (± 7)

142 (± 7)

82 (± 3)

83 (± 5)

80 (± 4)

85 (± 3)

84 (± 4)

78 (± 5)

80 (± 3)

72 (± 5)

73 (± 3)

78 (±2)

160 (± 6)

162 (± 7)

152 (± 9)

158 (± 6)

161 (± 4)

26 (± 2)

27 (± 2)

28 (± 3)

23 (± 2)

32 (± 3)

80 (± 9)

84 (± 5)

81 (± 4)

83 (± 6)

96 (± 3)

106 (± 10)

111 (± 5)

109 (±5)

106 (±5)

128 (± 3)
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supralabials
scales around the
neck anterior to
the gular fold
enlarged
supraoculars
gular
coloration

bangonorum
(n=17)
59 (± 5)

dalubhasa
(n=10)
58 (± 3)

marmoratus
(n=11)
59 (±3)

nuchalis
(n=7)
59 (±4)

palawanensis
(n=9)
59 (± 2)

76 (± 6)

78 (± 3)

71 (± 3)

73 (± 4)

87 (± 4)

4–8L, 5–8R

5 or 6L, R

3–6L, R

4–7L, 5–7R

4–7L, 5–8R

variable
speckling and
bands

dark,
no pattern

variable
speckling and
bands

distinct
spotting

variable
speckling and
bands

Varanus cumingi + V. c. samarensis is consistently recovered as the most basal, divergent
lineage within the V. salvator Complex, with true V. marmoratus recovered as a successively
diverging lineage. Remaining members of the V. salvator Complex (V. nuchalis, V.
palawanensis, V. togianus, V. salvator ssp., and the Mindoro and Bicol lineages) are recovered
as a well-supported clade, sister to V. marmoratus. While each of these taxa are supported as
distinct, divergent, monophyletic lineages, the inter-relationships among them largely remain
unresolved (as was seen in Welton et al. 2013a,b). The phylogenetic placement of V.
palawanensis and the lineage from Mindoro and Semirara islands remains unresolved, while the
Bicol lineage is consistently recovered as a well-supported sister lineage to V. nuchalis, both here
and in previous studies (Fig. 2). Despite the variable support for most inter-lineage relationships,
all analyses (here and in previous studies) failed to support a monophyletic V. marmoratus.

Genetic Distinctiveness.—Estimates of pairwise genetic distance between taxa indicate levels of
divergence similar to those found between currently recognized species. The currently
recognized taxa are recovered as 1.0 % to 3.5% divergent from previously recognized taxa
within the salvator Complex (Supplemental Table S8). The Mindoro + Semirara islands lineage
is found to be divergent from recognized taxa by 2.0–3.5% uncorrected sequence divergence,
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while the new species from the Bicol faunal sub-region is found to be 0.8–3.2% divergent
(Supplemental Table S8).
Although we do not use genetic distances to diagnose or define the taxa we describe here,
we are confident in their use as proxies to guide our examination of morphology and
biogeography and to refute or bolster taxonomic hypotheses. In the case of the taxa we describe
here, we emphasize that genetic distances between our new taxa (the lineages of the Bicol and
the Mindoro faunal regions) are compatible with genetic distances between other, noncontroversial, previously described and morphologically highly distinctive lineages (Koch et al.
2007, 2010b; Welton et al. 2013a,b; Ziegler et al. 2007). More importantly, our newly defined
species are more genetically distant from the phenotypically similar V. marmoratus than either
are to their own sister species, the traditionally recognized (and morphologically distinct)
Varanus nuchalis and/or V. palawanensis, respectively.

Taxonomic hypotheses.—Based on their (1) positions in multilocus phylogenetic estimates
(Welton et al. 2013a,b; and the data presented here), (2) the lack of statistical or character
support for the monophyly of these lineages, (3) subtle but consistent differences in coloration,
and (4) the inference of distinctive biogeographical ranges on separate islands or geological
components (suggesting barriers to gene flow and a history of geographic isolation in allopatry)
we recognize two additional species in the Varanus salvator Complex. Additionally, to impart
stable taxonomy and in the name of consistency of application of species recognition criteria (de
Queiroz 1999), we elevate the morphologically diagnosable, genetically distinct, and
biogeographically circumscribed V. cumingi samarensis (Koch et al. 2010b) to the level of full
species (V. samarensis), below.
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Species Descriptions
Varanus dalubhasa sp. nov.
Figs. 3–7
Holotype.—PNM 9796 (formerly University of Kansas Natural Biodiversity Institute [KU]
306603; Field No. CWL 521), adult male, collected by Charles W. Linkem and CDS, 08 July
2006, 18 m above sea level (14.03202º N, 122.34143º W; WGS-84), Barangay Madlangdungan,
Municipality of Calauag, Quezon Province, Luzon Island, Philippines.
Paratopotypes.—KU 305155 (CDS Field No. 2202), adult male; PNM 9797 (formerly
KU 306601; CWL Field No. 440), juvenile; KU 306602 (CWL Field No. 520), adult male.
Paratypes.—KU 308216 (CDS Field No. 2298), juvenile, collected 22 February 2007,
Barangay Buenavista, Municipality of Bato, Catanduanes Province, Catanduanes Island,
Philippines; KU 313880 (RMB Field No. 9910), adult male, collected 01 July 2008, Barangay
Tulay Na Lupa, Municipality of Labo, Camarines Norte Province, Luzon Island; KU 326702 and
326703 (LJW Field No. 0075, 0077), adult male, salvaged 3 August 2009, Polillo Island (no
additional locality information available).
Other Material.—See Specimens Examined Section.
Etymology.—The specific epithet, dalubhasa, is derived from the Tagolog word
“dalubhasa” meaning a person who has authoritative and comprehensive knowledge of a
particular area, or a skilled expert in a particular subject. We choose this term in honor of
Vicente “Enteng” Yngente of Polillo Island, whose extensive knowledge of natural history and
ecology of Philippine reptiles (particularly monitor lizards) has been instrumental to our research
and conservation work. Suggested common name: Enteng’s Monitor Lizard.
Diagnosis.—Varanus dalubhasa sp. nov. can be distinguished from congeners by (1) small, dark
speckling and variable transverse banding through the gular region (Fig. 3); (2) number of scales
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around the tail at 1/3 distance from the base; (3) number of gular scales; (4) number of dorsal
scales in nuchal region; (5) total number of dorsal scales; (6) number of scales around the neck
anterior to the gular fold; and (7) phylogenetic placement sister to V. nuchalis. Additionally, this
distinct lineage is biogeographically circumscribed in the Bicol Peninsula faunal sub-region, a
distinct geological component of greater Luzon Island which remained inuslar until 3 Ma (Hall
2002).
Comparisons.—The new species in phenotypically nearly indistinguishable from
Varanus marmoratus, but can generally be diagnosed by the presence of small, dark speckling in
the gular region and faint anterior transverse bands (versus speckling and distinct anterior
transverse bands; Fig. 3), its allopatric distribution in the Bicol faunal sub-region (versus the
remaining portions of Luzon and Lubang islands, and the Batanes and Babuyan island groups).
Additionally, although V. dalubhasa sp. nov. is phenotypically similar to V. marmoratus, it is not
most closely related to this species (Fig. 2, phylogeny).
Varanus dalubhasa sp. nov., can be conveniently distinguished from its allopatric sister
taxon, V. nuchalis (distributed in the West Visayan islands of Negros, Panay, Guimaras,
Masbate, and the Romblon Province islands of Sibuyan, Tablas, and Romblon; Fig. 1, 2), by the
presences of more scales around the tail at 1/3 distance from the base (mean = 53 ± 4, versus 46
± 3), fewer gular scales (mean = 80 ± 3, versus 73 ± 3), more dorsal scales from the tympanum
to the gular fold (mean = 27 ± 2, versus 23 ± 2). Of the remaining, geographically proximate
species of the Varanus salvator Complex, this new species can be distinguished from V.
palawanensis by having fewer dorsal scales from the tympanum to the gular fold (mean = 27 ± 2,
versus 32 ± 3), fewer dorsal scales from the gular fold to the hind limb insertion (mean = 84 ± 5,
versus 96 ± 3), fewer total dorsals scales longitudinally (mean = 111 ± 5, versus 128 ± 3), and
fewer scales around the neck anterior to the gular fold (mean = 78 ± 3, versus 87 ± 4).
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Figure 4. Holotype of Varanus dalubhasa sp. nov. (KU 335744), with body shown in dorsal and ventral aspects; and
head shown in dorsal, ventral, and profile aspects. Scale = 50mm.

Additionally, V. dalubhasa sp. nov. can be distinguished from the allopatric Mindoro +
Semirara islands lineage by having variable dark speckling and transverse bands in the gular
region (versus distinct spotting; Fig. 3). Lastly, V. dalubhasa sp. nov. is comprised of entirely
distinct haplotypes or haplotype networks, relative to all other members or the V. salvator
Complex (see Welton et al., 2010a). We have constrained our morphological analyses to the
geographically most proximate taxa due to previous studies (Koch et al. 2007, 2010b)
demonstrating their distinctiveness relative to the remaining diversity withing the V. salvator
Complex.
Description of holotype.—An adult male (Fig. 4), hemipenes everted; SVL 505.0mm; tail
657mm; head relatively slender, length 89.1mm, width 51.0mm, and depth at eye 32.0mm; snout
length 47.6mm, 53.4% head length; snout rounded anteriorly; narial openings 5.4mm, ovular,
posteriorly elevated, encircled by 9L/R small polygonal scales; snout elevated sharply just
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anterior to narial region, then continuing gradually to ocular region; narial region not distinctly
elevated above horizon of snout; cranial table squarish, only slightly wider than long.
Head scales ovular to polygonal (Fig. 4), heterogeneous in size with the smallest
occurring dorso-laterally between ocular opening and tympanum, and largest ocurring dorsomedially from tip of snout to conspicuous parietal; supraoculars 6L/R, subrectangular and
elongated transversely; supralabials 59, slightly larger than lateral head scales; infralabials 61,
smaller than both supralabials and nearest rows of gular scales; both supra- and infralabials
increasing in size anteriorly; nuchals large, circular, increasing in size to forelimb insertion along
both dorsal and lateral surfaces; lateral nuchals less than half the size of dorsals; scales
immediately posterior to cranial table quite small, granular; sutures between scales slightly larger
in nuchal region than on head; nuchals 31, in semi-regular rows from posterior margin of
tympanum to forelimb insertion; dorsal trunk scales arranged in 88 semi-regular rows from foreto hindlimb insertions, ovular, slightly smaller than nuchals, gradually decreasing in size to hind
limb insertion as well as laterally, with smallest scales occuring laterally adjecent to limb
insertions; midbody scales 138; axilla–groin distance 245; dorsal limb scales ovular, decreasing
in size distally to digits; fore- and hindlimb 92 and 107mm, respectively, 18.2% and 21.2%
snout, 32.6 and 53.9mm at insertions; limb scales present in semiregular rows; scales of manus
and pes smaller and more irregular in shape, ranging from circular to nearly rectangular dorsally;
supradigitals rectangular dorsally, ovular laterally, with terminal scale nearly twice as large as
others; digits terminate in long, slender recruved claws; caudals ovular and grandular at
insertion, becoming rectangular posteriorly; dorsal keel composed of paired, posteriorly elevated
scales commenses 65mm posterior of hindlimb insertion, and continues to tail terminus with
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paired scales gradually decreasing in size; caudal scales moderately keeled, in regular transverse
and longitudinal rows laterally, decreasing in size posteriorly.
Ventrals less variable than dorsals; gular scales generally rectangular anteriorly,
becoming more ovular towards gular fold; smallest scales medially in anterior third of gular
region, with largest scales just anterior to gular fold but followed posteriorly by three transverse
rows of smaller, more granular gulars; scales around the neck anterior to the gular fold 78, midgular 87; gular scales in 85 irregular rows from tip of snout to gular fold; ventrals of fore- and
hindlimbscircular to polygonal, with those of forelimb slightly smaller than those of hindlimb;
precloacals homegenous in size and shape with those of hindlimb; ventral trunk scales from gular
fold to hind limb insertion 85, ovular anteriorly, becoming rectangular posteriorly, present in
semi-regular rows; scales decreasing in size laterally and at hindlimb insertion; ventral caudal
scales rectangular, smallest just posterior to cloacal opening; scale surface slightly rounded
anteriorly, becoming sharply keeled and more longitudinally elongate posteriorly.
Right and left hemipenes partially everted; maximum length 56.2mm, with cylindrical
poximal section extending 26.2mm; bifurcation resulting in primary cylindrical apical portion
with external flounces, and more diminutive portion resembling and “ear” or reduced fold;
flounces present in irregular rows, totalling 15 anterior to sulcus spermaticus, 6 posteriorly;
lacking notable external appearance of ossified hemibaculum.
Measurements of holotype (in mm).—SVL 505; tail length 657; head length 89.1, width
51.0, depth at eye 32.0; eye–naris distance 33.7; naris–snout distance 14.9; rictus–rictus scales
60; scales around tail base 103; scales around tail 1/3 distance form base 59; mid-body scales
138; gular scales 85; ventrals from gular fold to hind limb insertion 85; total ventral scales 170;
dorsals from tympanum to gular fold 31; dorsals from gular fold to hind limb insertion 88; total
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dorsals 119; supralabials 59; scales around the neck anterior to gular fold 78; and enlarged
supraoculars 6 left 6 right.
Coloration of holotype in preservative.—Dorsal surfaces of head, body, and limbs black;
head aggregation of yellow-gold scales dorsoanteriorly to narial openings, along canthal ridge
just anterior to oculars, and irregularly dispersed throughout cranial table; trunk with seven
transverse rows comprised of yellow-gold, indistinct ocelli; tail with 9, slightly more distinct
yellow-gold bands, becoming more diffuse or speckled laterally; forelimbs with irregularly
distributed yellow-gold scales, density dincreasing distally and along lateral surfaces; hindlimbs
with irregular agreggations of ocelli consisting of only two or three yellow-gold scales (Fig. 4).
Lateral coloration of head consisting of partial, near vertical yellow-gold bands at the tip
of snout, posterior margin of narial opening, and two between the narial opening and the ocular;
posterior band with ventral widening oriented more posteriorly; post-orbitally, a yellow-gold
stipe extends to tympanum, and a yellow-gold spot consisting of four or five scales appears
ventral to the anterior margin of the stripe; lateral coloration of the nuchal region consists of
3R/2L faint spots directly posterior to the tympanum; ventral margins of nuchal region with
yellow-gold variable demarcation, extending more dorsally along the posterior margin appearing
to wrap around the dorsal margin of the fore-limb insertions; later portions of the trunk with
variable yellow-gold spotting directly posterior to forelimbs, fading to solid black posteriorly
(Fig. 4).
Ventral coloration predominately yellow-gold throughout; gular region with irregular
spots, faint anteriorly but becoming prominent and dark along lateral margins just anterior to
gular fold; scapular region with two irregular black bands; trunk with irregular black bands and
spots anteriorly, becoming more broken medially and posteriorly, appearing as laterally
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elongated yellow-gold ovals; forelimbs with faint, irregular dark mottling; hindlimbs with near
uniform medial venter, with dark mottling along lateral margins; manus and pes dark yellowgray; venter of tail appearing anterirorly, much like that of the trunk, as yellow-gold laterally
elongated ovals; posterior portions of tail with more regular alternation of dark and yellow-gold
bands (Fig. 4).
Variation.—Our small type series exhibits some color variation, but specimens are
generally phenotypically similar. The holotype (KU 306603) and three paratypes (KU 305155,
306602, and 308126) have lighter interstitial coloration between the dorsal scales, yielding an
overall lighter appearance than other specimens. These three specimens also exhibit much more
diffuse yellow gold coloration on the fore- and hindlimbs and the tail, while two specimens (KU
313880, 326702) exhibit much more distinct yellow-gold spots or ocelli throughout.
Additionally, the yellow-gold coloration in the lateral portions of the nuchal region, among all
specimens, and on either side of a single specimen, present as either a single longitudinal stripe
extending posteriorly from the posterior margin of the tympanum or as a series of two or three
longitudinally elongated spots or blotches two specimens (KU 305155, 306602) exhibit two
relatively well-defined yellow crossbands on the snout, with the former’s being even more
pronounced than the latter, and with this specimen (KU 305155) also exhibiting a much larger
proportion of yellow coloration in the supraocular and temporal regions. In contrast, two
specimens (KU 308216, 313880) exhibit nearly uniform, dark dorsal head coloration, with the
former being competely devoid of yellow-gold accents with the exception of the pineal scale.
Ventral coloration is only slightly more variable than that of the dorsum. All specimens
exhibit variable speckling in the gular region, gernerally consisting of 1–4 black scales. In the
holotype (KU 306603), this speckling is much more reduced. In one specimen (KU 305155)
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anterior speckling in the gular region gives way to 2 broken transverse bands, and somewhat
reduced speckling through the remainder of the gular region. Three specimens (KU 306602,
308216, and 326702) exhibit four, more well-defined dark transverse bands in the anterior

Figure 5. Dorsal color variation in the type series for both Varanus dalubhasa sp. nov. (top) and V. bangonorum sp.
nov. (bottom). Scale = 50mm.

portion of the gular regions, with speckling throughout the remainder of the gular region being
relatively dense. A single specimen (KU 313880) exhibits nearly complete dark transverse bands
throughout the gular region, with less prominent bands present anteriorly. Ventral trunk
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coloration is nearly uniform among species, with the only notable variation present in two
specimens (KU 305155, 326702), the first of which exhibits reduced dark coloration extending
medially onto the abdomen, and the second of which darker, more distinct dark coloration
extending medially onto the abdomen. Ventral tail coloration lacks any notable variation among
specimens (see Figures 5 and 6 for further information on color pattern variation).
Coloration in life.—Based on the only available image, PNM 9797 (formerly KU
306601; Fig. 7A). Dorsal ground coloration black to dark gray, with consipcuous transverse
cross bands of yellow-gold ocelli from the posterior margin of the nuchal region through the
anterior third of the tail. Larger ocelli with a darkened, ground-colored center. Additionally,
dorsal trunk with faded reticulate pattern, owing to light brown interstitial coloration. Lateral
margins of head and nuchal region with conspicuous yellow-gold stripe, extending from the the
posterior margin of the ocular, through the tympanum, and midway into the nuchal region.
Yellow-gold ocelli brightest at lateral margins of trunk and adjacent to hindlimb and tail
insertions.
Dorsal limb surfaces colored similarly to body, but with ocelli irregularly arranged and
significantly smaller, lacking any dark-colored center. Forelimbs with a slightly lighter ground
color than hindlimbs or body.
Ventral coloration not apparent, but appears to consist of a yellow-gold ground color,
with black to dark gray overlaying pattern.
Ecology, Distribution, and Natural History.—As with all members of the Varanus
salvator Complex, V. dalubhasa sp. nov. should be considered a habitat generalist, often thriving
in a range of habitats from primary forest to more urbanized areas. While no detailed studies
have been undertaken on this taxon specifically, the findings of Gaulke (in Luxmoore &
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Groombridge 1989, 1992) are likely relevant. This taxon is most likely to be found in mangrove
and riparian habitats (as their common name might suggest). Additionally, most water monitors
seek out shelters in the form of rock crevices or even trees, most often near water sources. In
more urban areas, human habitation may be used in lieu of more “natural” shelters (Gaulke 1992,
person observation).
Not surprisingly, V. dalubhasa sp. nov. has been found throughout the Bicol Peninsula
and faunal sub-region, including genetically confirmed specimen identifications from Polillo and
Catanduanes islands (Fig. 1, 2). This is an area of significant agricultural (rice fields) and coastal
environments, and is additionally subdivided by a number of moderately sized river drainages.
The northern extent of distribution for this taxon, and potential contact zone with V. marmoratus
requires further study.
Although no dietary preferences have been observed for this taxon, one can reasonably
assume that its diet consists primarily of invertebrates and smaller vertebrates (fish, rodents,
frogs, snakes). Additionally, this species is attracted to a number of carion items, generally
preferring fish (personal observation).

Varanus bangonorum sp. nov.
Figs. 3, 5–8
Holotype.— PNM 9798 (formerly University of Kansas Natural Biodiversity Institute [KU]

335744; Field no. RMB 17757), sub-adult male, collected by SLT and RMB, 16 July 2013, 230
m above sea level (12.787806, 120.915972; WGS-84), Sitio Aruyan, Barangay Malisbong,
Municipality of Sablayan, Mindoro Occidental Province, Mindoro Island, Philippines.
Paratopotypes.—KU 335742 (RMB Field No. 17720), juvenile, collected 11 July 2013.
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Paratypes.—KU 335743 (RMB Field No. 17824), juvenile, Lake Libuao, Barangay
Malisbong, Municipality of Sablayan, Mindoro Occidental Province, Mindoro Island,
Philippines; PNM 9799 (formerly KU 308403), 308437 (ELR Field Nos. 843, 877), juvenile and
adult female, Sitio Ulasan, Barangay Harrison, Municipality of Paluan, Occidental Mindoro
Province, Mindoro Island, Philippines; KU 305151, 305161, 305163 (CDS Field Nos. 714, 715,
648), juveniles, Barangay Tinogboc, Municipality of Caluya, Antique Province, Semirara Island,
Philippines.
Other Material.—See Specimens Examined Section
Etymology.—The specific epithet, bangonorum, is a plural noun, derived from the name
of the indigenous Bangon peoples of Mindoro Island, who reside along the rivers and central
Cordillera mountain system in Oriental Mindoro Province. Anthropologists have shown the
Bangon tribal group to be culturally distinct from other tribal groups inhabiting Mindoro
(Tweddell 1970; Mangyan Heritage Center). Suggested common name: Bangon Monitor Lizard.
Diagnosis.—Varanus bangonorum sp. nov. can be distinguished from congeners by (1)
distinct, relatively large dark spots or blotches in the gular region; (2) low counts of dorsal gular
scales; (3) low counts of dorsal trunk scales; (4) low counts of scales around the neck anterior to
the gular fold;. Additionally, this distinct lineage is biogeographically circumscribed on the
deepwater islands of Mindoro and Semirara.
Comparisons.—This new species in phenotypically most similar to Varanus marmoratus,
from which it can be distinguished by the presence distinct, dark and irregularly-shaped spots or
blotches in the gular region (versus speckling and transverse bands; Fig. 3), an allopatric
distribution on the islands of Mindoro and Semirara (versus Luzon and Lubang islands, and the
Batanes and Babuyan island groups; Figs. 1, 2). Additionally, although the new species is
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phenotypically similar to V. marmoratus, it is not closely related to this species (Fig. 2,
phylogeny). Varanus bangonorum sp. nov. can be distinguished from its closest but allopatric
relative, V. palawanensis, by having generally fewer rictus–rictus scales (mean = 56 ± 4, versus
62 ± 4), fewer dorsal scales from the tympanum to the gular fold (mean = 26 ± 2, versus 32 ± 3),

Figure 6. Ventral color variation in the type series for both Varanus dalubhasa sp. nov. (top) and V. bangonorum sp.
nov. (bottom). Scale = 50mm.

fewer dorsal scales from the nuchal fold to the hind limb insertion (mean = 80 ± 9, versus 96 ±
3), fewer total dorsal scales (mean = 106 ± 10, versus 128 ± 3), fewer scales around the neck
anterior to the gular fold (mean = 76 ± 6, versus 87 ± 4), and by having distinct, dark irregular
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spots or blotches in the nuchal region (versus irregular speckling with anterior transverse bands).
Of the remaining, geographically proximate species of the V. salvator Complex, this new species
can be distinguished from V. nuchalis by a distribution on Mindoro and Semirara islands (versus
Visayan islands), generally fewer midbody scales (mean = 136 ± 9, versus 150 ± 7), generally
more dorsal scales from the tympanum to the gular fold (mean = 26 ± 2, versus 23 ± 2), the
presence of distinct dark spots or blotches in the gular region (versus a uniform dark gular
coloration). Additionally, this new species can be distinguished from the allopatric Bicol
Peninsula species V. dalubhasa sp. nov. by having distinct, irregularly shaped spots or blotches
(versus variable speckling and faint anterior transverse bands) in the gular region. Lastly, V.
bangonorum sp. nov. is comprised of entirely unique haplotypes of haplotype networks, relative
to all other members of the V. salvator Complex (see Welton et al. 2010a). We have constrained
our morphological analyses to the geographically most proximate taxa due to previous studies
(Koch et al. 2007, 2010b) demonstrating their distinctiveness relative to the remaining diversity
withing the V. salvator Complex.
Description of holotype.—A sub-adult male, hemipenes not everted; snout–vent length
343mm; tail 601mm; head relatively slender, length 65.9mm, width 38.2mm, and depth at eye
28.5mm; snout length 34.0mm, 51.6% head length; snout rounded anteriorly; narial openings
4.3mm, ovular, posteriorly elevated, encircled by 9L/R small polygonal scales; snout elevated
sharply just anterior to narial region, then continuing gradually to ocular region; narial region
only moderately elevated above horizon of snout; cranial table squarish, slightly wider than long.
Head scales ovular to polygonal (Fig. 8), heterogenous in size with the smallest occuring
on lateral margins of cranial table and directly surrounding pinneal scale, and largest occuring
dorso-medially from tip of snout to pineal region; supraoculars 7L/6R, subrectangular and
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Figure 7. Photos in life of Varanus dalubhasa sp. nov. (A; KU 306601) and V. bangonorum sp. nov. (B: KU
335742).

elongated transversely; supralabials 52, slightly larger than head scales; infralabials 52, smaller
than supralabials; both supra- and infralabials increasing in size anteriorly; nuchals large,
circular, generally homogenous in size throughout nuchal region except for directly posterior to
cranial table; lateral nuchals small and granular, approximately ¼ the size of dorsals; sutures
between scales larger than those on head; nuchals 25, in semi-regular rows from posterior margin
of tympanum to forelimb insertion; dorsal trunk scales arranged in 77 semi-regular rows from
fore- to hindlimb insertions, ovular, generally smaller than nuchals, and decreasing in size
posteriorly to hindlimb insertion as well as laterally, with smallest scales occurring adjacent to
limb insertions; midbody scales 131; axilla-groin distance 157; dorsal limb scales ovular,
decreasing in size distally and ventrally; fore- and hindlimb 55 and 82mm, respectively, 16.0%
and 23.9% snout–vent length, respectively, 24.2 and 36.8mm diameter at insertions, respectively;
limb scales present in semiregular rows; scales of manus and pes smaller and more irregular in
shape, ranging from circular to nearly square dorsally; supradigitals rectangular dorsally, ovular
laterally, with terminal scale nearly twice as large as others; digits terminate in long, slender
recurved claws; caudals ovular, small and grandular anteriorly, becoming rectangular posteriorly;
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dorsal keel composed of paired, posteriorly elevated scales commensing 37.7mm from hindlimb
insertion, continuing to tail terminus with scales gradually decreasing in size; caudal scales
moderately keeled, in regular transverse and longitudinal rows laterally, decreasing in size
posteriorly.
Ventrals less variable than dorsals; gular scales generally rectangular anteriorly, bcoming
more ovular towards gular fold; smallest scales medially in anterior third of gular region, with
largest scales just anterior to gular fold but followed posteriorly by three transverse rows of
smaller, more granular gulars; scales around the neck anterior to the gular fold 67, mid-gular 76;
gular scales in 70 irregular rows from tip of snout to gular fold; ventrals of fore- and hindlimbs
circular to polygonal, with those of forelimb slightly smaller than those of hindlimb; precloacals
to those of hindlimb; ventral trunk scales from gular fold to hind limb insertion 83, ovular
anteriorly, becoming rectangular posteriorly, present in semi-regular rows; scales decreasing in
size laterally and at hindlimb insertion; ventral caudal scales rectangular, smallest just posterior
to cloacal opening; scale surface slightly rounded anteriorly, becoming sharply keeled and more
longitudinally elongate posteriorly.
Measurements of holotype (in mm).—SVL 343; tail length 601; head length 65.9, width
38.2, depth at eye 28.5; eye–naris distance 22.2; naris–snout distance 11.6; rictus–rictus scales
52; scales around tail base 91; scales around tail 1/3 distance from base 47; mid-body scales 131;
gular scales 70; ventrals from gular fold to hind limb insertion 83; total ventral scales 153;
dorsals from tympanum to gular fold 25; dorsals from gular fold to hind limb insertion 77; total
dorsals 102; supralabials 52; scales around the neck anterior to gular fold 67; and enlarged
supraoculars 7 left 6 right.
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Coloration of holotype in preservative.—Dorsal surfaces of body, head and limbs black;
head nearly uniform black, with dark brown accents dorsal to narial openings and white pineal
scale; trunk with five transverse rows of white blotches; tail with 9 indisting bands comprised of
diffuse white speckling; forelimbs with sparse white speckling, becoming more regular ventrally;
hindlimbs more speckled than forlimbs, and with more speckling ventrally; dorsal surfaces of
manus and pes with few white speckles, but surface of pes with slightly more; terminal scale on
digits with conspicuous white spot.
Lateral coloration of head consisting of vague anterior dark brown band extending
ventrally from dark brown markings dorsal to narial openings; post-orbitally, lateral surface with
longitudinal white stripe extending from the posterior margin of the ocular to the tympanum
(Fig. 8); lateral coloration of the nuchal region consists of bright white mottling, gradually
increasing in dorsal extent posteriorly, and terminating at forelimb insertion; lateral portions of
trunk with variable white blotches and speckling, with greatest concentration directly posterior to
forelimbs, the distribution of which does not correspond to dorsal banding; terminal half of tail
solid black dorsally.
Ventral coloration predominately yellow-white throughout; gular region with
characteristic dark blotches, becoming more prominent posteriorly; anterior portions of gular
region with three triangular projections extending medially; scapular region with irregular dark
blotches; trunk with irregular dark triangular projections extending medially from margins, and
generally not connecting with projections from other side; forelimbs and hindlimbs almost
uniform white at insertions, but with increasing dark mottling laterally and in distal portions;
manus and pes dark gray; venter of tail similar to that of trunk, but with triangular projections
connecting and forming vague bands posteriorly; terminal third of tail solid black ventrally.
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Variation.—Our small type series exhibits some color variation but are generally
phenotypically similar to one another. Four specimens from Mindoro, including the holotype
(KU 308437, 335742–44) generally appear darker dorsally, owing to a combination of darker
interstitial skin between the scales and fewer white-colored scales. The holotype (KU 335744)
and an additional specimen from Mindoro (KU 308437) were the largest intact specimens
examined, and both exhibit a reduction in the size and vibrancy of dorsal banding, with the latter
individual having bands that are only faintly discernable. Juvenile specimens from both Mindoro
(KU 335742, 335743) and Semirara (KU 305151, 305161, 305163) exhibit much more distinct
dorsal bands comprised of series of yellowish to white spots or oscelli. One juvenile from
Mindoro (PNM 9799; formerly KU 308403) appears to be an intermediate, with dorsal bands
discernable posteriorly on the trunk and becoming less defined anteriorly. One specimen from
Semirara (KU 305161) exhibits a faded reticulate pattern interspersed among the more welldefined dorsal bands, owing to clusters of grayish spots comprised of lightly colored scales and
interstitial space. Specimens from Semirara (KU 305151, 305161, 305163) and one from
Mindoro (KU 335742) exhibit a more well-defined light-colored longitudinal stripe laterally in
the nuchal region, with extends gradually from the ventral margin of the tympanum dorsoposteriorly over the forelimb insertions, joining with the first dorsal trunk band to form a vague
“U” shape when viewed from dorsal perspective. Dorsal nuchal coloration varies from uniform
black in the holotype (KU 335774) and three paratypes (PNM 9799, KU 308437, 335772), the
presence of 4–10 variable spots or blotches (KU 305151, 308161, 335743), to a more mottled
and irregular combination of stipes and blotches posteriorly (KU 305163). One specimen (KU
308437) exhibits a reduction in white speckling on the dorsal surfaces of the limbs.
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Figure 8. Holotype of Varanus bangonorum sp. nov. (KU 306603), with body shown in dorsal and ventral aspects;
and head shown in dorsal, ventral and profile aspects. Scale = 50mm.

Ventral coloration is moderately variable. The characteristic gular blotches or spots are present in
all specimens, though the number and relative size of blotches is somewhat reduced in four
specimens (KU 305161, 308403, 335742, 335743). Two specimens (KU 305151, 305163)
exhibit much larger and more conspicuous gular spots. Ventral trunk coloration is less variable,
with only three specimens (KU 305161, 308403, 308437) exhibiting reduced transverse dark
bands, which generally fail to converge medially. Ventral coloration of the limbs is nearly nearly
identical among specimens, with only slight variation in the appearance of black color
encroaching on the lateral margins of both fore- and hindlimbs, but gernerally appearing as
partial transverse bands. The holotype (KU 335774) and three paratypes (KU 308437, 305151,
305161) exhibit a more irregular pattern on the margins of the ventral limb surfaces, with dark
coloration appearing as an almost reticulate pattern. Ventral coloration of the tail is nearly
uniform across specimens, with only minor variation in the extent of medial extension of dark
bands. In all specimens, dark bands fail to coalesce anteriorly, but posteriorly to the terminus
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form a distinct alternating black and white pattern (see Figures 5 and 6 for additional information
on color pattern variation).
Coloration in life.—Based on the only available image, KU 335742 (Fig. 7B). Dorsal
ground coloration black, with transverse crossbands of irregularly shaped creamy white to light
yellow ocelli from the posterior margin of the nuchal region through the hind limb insertion.
Few, larger ocelli with a darkened, ground-colored center. Additionally, dorso-lateral margins of
trunk with smaller, variably distributed light yellow spots or blotches. Lateral margins of head
and nuchal region with conspicuous light yellow stripe, extending from the the posterior margin
of the ocular, through the tympanum, and midway into the anterior portion of the nuchal region.
An additional light yellow stripe extends dorsally and posteriorly from the ventro-lateral margin
of the nuchal region, and extends to the dorsal region above the forelimb insertion. Snout with
distinct and conspicuous bands extending ventrally from dorsal surface.
Dorsal limb surfaces colored similarly to body, but with ocelli irregularly arranged and
significantly smaller, lacking any dark-colored center. Forelimbs with larger ocelli dorsomedially.
Ventral coloration not apparent, but appears to consist of a creamy white to light yellow
ground color, with black to dark gray overlaying pattern.
Ecology, Distribution, and Natural History.—As with all members of the Varanus
salvator Complex, V. bangonorum sp. nov. should be considered a habitat generalist, often
thriving in a range of habitats from primary forest to more urbanized areas. Like V. dalubhasaan
sp. nov., no detailed studies have been undertaken on this taxon specifically, but the findings of
Gaulke (in Luxmoore & Groombridge 1989, 1992) are likely relevant. This taxon is most likely
to be found in mangrove and riparian habitats (as their common name might suggest).
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Additionally, most water monitors seek shelter in rock crevices or even trees, often near water
sources.
Not surprisingly, V. bangonorum sp. nov. has been found on the islands of Mindoro and
Semirara (Figs. 1, 2), both of which are separated by deep water channels that likely have
facilitated the isolation of this species and its evolution as a distinct lineage, even during interglacial cycles and lowered sea levels (Voris 2000; Brown & Diesmos 2009).
Again, the findings of Gaulke (1992) are relevent as far as dietary preferences are
concerned, and it can reasonably be assumed that the diet of V. bangonorum sp. nov. consists
primarily of invertebrates and smaller vertebrates (fish, rodents, frogs, snakes). Additionally, as
with any species of water monitor, this species is attracted to a number of carion items, in
particular favoring fish (personal observation).

Varanus samarensis Koch et al. 2010
Holotype.—ZFMK 64713, subadult male, collected by M. Gaulke 1989, San Augustin near
Gandara, Samar Island, Philippines.
New material examined.—Samar (1 specimen): KU 310870 (CDS Field No. 2654),

adult male, collected by Cameron D. Siler, 13 October 2007, Barangay San Rafael,

Municipality of Taft, Eastern Samar Province, Samar Island, Philippines; Bohol (1

specimen): KU 335263 (CDS Field No. 4768), adult male, collected by Cameron D. Siler, 04
August 2009, Barangay Danicop, Municipality of Sierra Bullones, Bohol Province, Bohol
Island, Philippines.

Other material.—Refer to Koch et al. (2010b).
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Diagnosis.—Following the findings of Koch et al. (2010b), Varanus samarensis can be
distinguished from other members of the V. salvator Complex by a combination of (1) distinctive
dorsal color pattern of 5–8 transverse bands of yellow ocelli or spots through the trunk; (2) a
dark (black) head dorsally, with symmetrical yellow markings; (3) a variable black stripe in the
temporal region, occasionally bordered by a bright (yellow-white) stripe ventrally; (4) the
absence of a medio-dorsal stripe on the lateral surfaces of the nuchal region and trunk; (5) narial
openings positions approximately 2.5 times closer to the tip of the snout than to the ocular.
Comment and justification.—Although within the same PAIC (Brown & Diesmos 2009),
the Samar–Leyte versus Mindanao Island biogeographical boundary (informally referred to as
the “Dinagat–Caraga Filter Zone”) has been evoked in several previous studies to explain the
existence of deep phylogenetic splits between the northern and southern reaches of the Mindanao
faunal region (Steppan et al. 2003; Hosner et al. 2013; review: Brown et al. 2013). We therefore
do not find it surprising that Samar, Leyte, Bohol (and, presumably, smaller associated
lanmasses) have a distinctive species of monitor lizard that apparently is isolated from
Mindanao’s Varanus cumingi (Welton et al. 2013a,b).
Distribution.—See Koch et al. (2010b) for additional data about variation, ecology, and
distribution.

Discussion
Our new descriptions and the recognition of V. samarensis as a full species draw on a growing
body evidence (Koch et al. 2007, 2010a,b; Welton et al. 2013a,b) supporting the recognition of
no less than seven distinct evolutionary lineages of water monitors in the Philippines. Although
these taxa show varying degrees of morphological distinctiveness, with some being cryptic, they
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all represent reciprocally monophyletic metapopulations with distributions confined to distinct
geological components of the Phlippine Archipelago (review: Brown et al. 2013). As such, these
lineages warrant recognition under a Unified Species Concept (see above). Additionally, the
recognition of these lineages rectify the problematic status of Varanus marmoratus, which has
been shown to represent a taxonomically invalid, polyphyletic assemblage of three unrelated
lineages, with two groups (Bicol and Mindoro) demonstrated to be more closely related to two
other, traditionally diagnosed and morphologically distinctive species (V. nuchalis and V.
palawanensis, respectively). Although the recognition of V. bangonorum sp. nov. and V.
dalubhasa sp. nov. fails to fulfill the classic operational criteria for species recognition
established in the previous studies of Mertens (1942a,b,c) and Koch et al. (2007, 2010a,b), the
methods of delimitation employed here (those not relying solely on morphological characters) in
conjuction with those of Welton et al. (2013a,b) provide a more robust and comprehensive
assessment of diversity in an evolutionary context. Similarly, the use of genetic data as a means
for delimiting distinct, divergent evolutionary lineages (species) has become an increasingly
useful practice, especially for widespread taxa distributed over a geologically complex area
(Wiens & Penkrot 2002; Fritz et al. 2004; Bergman & Russell 2007).
Although the polyphyletic pattern observed in phylogenetic analyses of the Varanus
salvator Complex seems to indicate an inability of previous studies to identify the full diversity
of this group, there remains the possibility that this pattern may instead be the result of additional
factors. Given that taxa comprising the V. salvator Complex are the products of relatively recent
speciation events (<5Ma, Welton et al., unpublished data), the conserved morphology and
phylogenetic patterns observed may be due to incomplete lineage sorting and/or ancestral gene
polymorphisms (Funk & Omland 2003). Additionally, and consistent with these lineages being
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relatively young and having relatively high dispersal potentials, there remains the possibility of
contemporary gene flow and introgression, even among widely accepted and morphologically
distinct species (Funk & Omland 2003). Identifying this pattern, however, may be difficult given
the allopatric nature of these lineages (Masta et al. 2002; Redenbach & Taylor 2002) and the the
potential for historic or sporadic episodes of hybridization (Patton & Smith 1994; Freeland &
Boag 1999; Funk 1999; Sota & Vogler 2001; Shaw 2002; Funk & Omland 2003). Finally, there
remains the possibility that both V. dalubhasa sp. nov. and V. bangonorum sp. nov. exhibit an
ancestral morphology also seen in V. marmoratus, and simply, that speciation in some members
of this group has not been accompanied by morphological change (e.g., Barley et al. 2013). This
seems plausible given the more basal phylogenetic position of V. marmoratus, and is a pattern
that has been inferred for other taxa (Jarman & Elliot 2000). Unfortunately, convincing
inferences that might distinguish between these competing hypotheses cannot be made with the
data currently available, although future studies employing the use of genome-wide data,
anonymous fragment length polymorphisms (AFLPs), microsatellite loci, or single-nucleotide
polymorphisms (SNPs), may find these processes to be prevalent and even responsible for the
phylogenetic patterns observed in this group. Until this time, however, we treat the recognition
of these divergent mitochondrial-based lineages as reasonable, evolutionarily and
biogeographically sensible, and conservative hypotheses for the diversity in the V. salvator
Complex.
The recognition of Varanus dalubhasa sp. nov. and V. bangonorum sp. nov. brings the
total number of named taxa in the V. salvator Complex to 14, and the Philippine compliment to 7
(Fig. 2). However, a number of these taxa are currently considered subspecies—a status that in
some cases should be reevaluated. For example, we herein elevate V. cumingi samarensis
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(Samar, Leyte, and Bohol islands, Philippines; Fig. 2) to full species status and we suspect the
same action would be warranted for V. salvator ziegleri (Obi Island, Indonesia). Their
recognition is nonproblematic under the criteria of the Unified and Evolutionary species
concepts. Both of these taxa are morphologically distinct, endemic to unique biogeographic
areas, and clearly constitute independent evolutionary lineages. In the case of V. c. samarensis
(for which genetic data are available [Welton et al. 2013a,b]), this taxon represents a divergent,
monophyletic lineage, with levels of pairwise genetic distance from recognized members of the
Complex ranging from 1.6–3.2% (levels greater than those seen between currently recognized
species; Supplemental Table S8). Although comprehensive data are lacking for the remaining
subspecies within Varanus salvator, insular lineages (i.e., V. s. andamanensis) should be
prioritized for scrutiny and possible elevation to full species status, if additional, corroborating
lines of evidence come to light. At this time, however, we only take action with respect to V. c.
samarensis and elevate this named taxon to full species, based on the work of Koch et al.
(2010b), Welton et al. (2013a,b), and additional data presented here.
Within the Philippines, the deep-water islands of Burias and Siquijor remain to be
sampled for Varanus. The faunal affinities of these islands with the West Visayan region make
the presence of V. nuchalis a reasonable assumption. Similarly, many of the major islands
throughout the Greater and Lesser Sundas have yet to be thoroughly surveyed for Varanus (but
see Kaiser et al. 2013), and thus represent ideal and necessary targets for furture study. Clearly
large, deep water islands, separate PAICS (Brown & Diesmos 2009), isolated geological
components of large islands, and small isolated islands deserve further scrutiny of water monitor
species diversity, especially througout western Wallacea and parts of the Lesser Sunda Islands of
Indonesia. Additionally, the taxonomic status of water monitors throughout Borneo, Indochina,
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and the Indian subcontinent warrant further taxonomic and phylogenetic scrutiny, owing to a
lack of both available specimens and genetic resources from these regions. Additionally, transect
studies are required along the boundary of the Bicol Peninsula and southeastern Luzon in order
to accurately delimit the species boundaries between V. marmoratus and V. dalubhasa sp. nov.,
and assess the ecological or biogeographical factors maintaining the distinctiveness of these
lineages.
The Philippine assemblage of water monitors offers an interesting case study in the
diversification patterns in the archipelago (review: Brown et al. 2013). Surprisingly, these highly
mobile species show patterns of diversity in line with the classic Pleistocene Aggregate Island
Complex (PAIC) paradigm (Heaney 1985; Brown & Diesmos 2002, 2009; Roberts 2006; Siler et
al. 2010, 2012), wherein complexes of islands which were joined together as single land masses
during interglacial cycles (and lowered sea levels) share faunal affinities and evolutionary
histories. Although there is a growing body of literature highlighting cases that apparently
contradict or deviate in various ways from this paradigm (Brown & Diesmos 2009; Linkem et al.
2010; Siler et al. 2010; Brown et al. 2013), it is surprising to find that the habitat generalist
monitor lizards with high capacities for dispersal over marine channels (Hoogerworf 1954;
Gaulke 1991; Rawlinson et al. 1992) in large part conform to the PAIC paradigm’s predictions
regarding species distributions and patterns of endemism (Brown & Diesmos 2009).
The commercial trade (both legal and illegal) in reptiles and amphibians is a direct source
of decline for natural populations, however the actual effect of commercial harvest on
populations is often difficult to measure given the parameters involved (Sutherland 2001).
Regardless, identifying lineages that may be at risk of overexploitation based on sheer numbers
can be easily accomplished when reference data from natural populations are available (Stuart &
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Parham 2007; Fong et al. 2007; Li et al. 2011; Spinks et al. 2012; Welton et al. 2013b). When
genetically divergent lineages, masquerading under a single taxon and facing unbalanced harvest
pressures are identified, those lineages must be recognized in order to warrant the application of
relevant conservation resources. For example, the Bicol Peninsula should be considered an
important target of future conservation efforts. The findings of Welton et al. (2013b) and Siler et
al. (2013) support the presence of unique evolutionary lineages of large vertebrate taxa. Both
water monitors (Welton et al. 2013b) and sailfin lizards (Hydrosaurus sp.; Siler et al. 2014) are
being targeted by the illicit pet trade in vital habitat necessary for the persistence of these
lineages (Bicol Peninsula, Luzon). Additionally, the findings of Welton et al. (2013b) likewise
support the recognition of Mindoro and Semirara islands representing a unique faunal region in
the Philippines, containing floral and faunal components with distinct evolutionary histories.
The findings of Welton et al. (2013a), and the descriptions provided here, underscore the
need for comprehensive phylogenetic analyses when attempting to fully enumerate the
biodiversity of a given region. The point is made clearly by the case of Philippine water monitor
lizards where clearly we would not have an adequate understanding of the species diversity in
this group were it not for both morphological (Koch et al. 2010; Welton et al. 2013a; data
presented here) and genetic data that have recently come to light (Welton et al. 2013a,b).
Morphologically conserved, cryptic, or phenotypically similar taxa do not always represent
single cohesive, clades, but rather can comprise multiple, distinct evolutionary lineages that are
recovered in unexpected positions in phylogenies, suggesting unanticipated evolutionary and
biogeographic relationships (Welton et al. 2013a,b; Barley et al. 2013). Necessarily, extensive
genetic sampling of biogeographically unique components from throughout the distribution of
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widespread taxa are warranted in order to fully understand the evolutionary history of a given
taxon, and test both historical and contemporary taxonomic hypotheses.

Specimens examined
Varanus bangonorum sp. nov. (17 specimens): Philippines, Mindoro Island: CAS 15766–70;
Occidental Mindoro Province, Municipality of Paluan, Barangay Harrison, Sitio Ulasan, locality
Matingaram: KU 308403, 308437; Municipality of Sablayan, Barangay Malisbong, Sitio
Aruyan: KU 335742–44; Municipality of San Jose: CAS 85674, 85675; Oriental Mindoro
Province, Municipality of Naujan: CAS-SU 28130; Mt. Halcon: USNM 37869; Semirara Island,
Antique Province, Municipality of Caluya, Barangay Tinogboc: KU 305151, 305161, 305163.
Varanus dalubhasa sp. nov. (10 specimens): Philippines, Catanduanes Island, Catanduanes
Province, Municipality of Bato, Barangay Buenavista: KU 308216; Luzon Island, Camarines del
Sur Province, Municipality of Presentacion, Barangay Maangas: KU 306601; Camarines Norte
Province, Municipality of Labo, Barangay Tulay Na Lupa: KU 313880; Quezon Province,
Municipality of Calauag: KU 305155; Barangay Madlangdungan: KU 306602, 306603;
Municipality of Real: USNM 163985; Polillo Island: KU 326702, 326703; Quezon Province,
Municipality of Burdeos: USNM 512318.
Varanus marmoratus (11 specimens): Philippines, Batan Island, Batanes Province,
Municipality of Basco, Barangay Kayvalugangn, Sitio Masupit: KU 314033; Calayan Island,
Cagayan Province, Municipality of Calayan, Barangay Balatbat, locality Limandok: KU 304595;
Barangay Magsidel, locality Macarra: KU 304879, 304880; Lubang Island, Occidental Mindoro
Province, Municipality of Lubang, Barangay Vigo, Sitio Dangay: KU 322191; Luzon Island,
Aurora Province, Municipality of Casiguran, Barangay Casapsipan: KU 323434, 323439;
Municipality of Maria Aurora, Barangay Villa Aurora, Sitio Dimani, Aurora Memorial National
Park: KU 323435; Municipality of San Luis, Barangay Real, Sitio Minoli: KU 323440; Batanes
Province, Municipality of Basco, Barangay Kayvalugangn, Sitio Masupit: KU 314033; Bulacan
Province, Municipality of Dona Remedios Trinidad, Barangay Kabayunan, Sitio Langud: KU
329428; Ilocos Norte Province, Municipality of Adams, Barangay Adams: KU 330133.
Varanus nuchalis (7 specimens): Philippines, Masbate Island, Masbate Province,
Municipality of Masbate City: KU 335261; Negros Island, Negros Occidental Province,
Municipality of Cauayan, Barangay Camalanda-an: KU 305153, 305157; Municipality of Silay
City, Barangay Patag: KU 335262; Sibuyan Island, Romblon Province, Municipality of
Magdiwang, Barangay Talaba, Mt. Guiting-Guiting Natural Park: KU 305134, 305148;
Barangay Tampayan: KU 305172.
Varanus palawanensis (9 specimens): Philippines, Candaraman Island, Palawan Province,
Municipality of Balabac: USNM 39928; Malapina Island, Palawan Province, Municipality of
Coron: USNM 39929; Palawan Island, Palawan Province, Municipality of Puerto Princessa: KU
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79146–50: Puerto Princessa City: KU 327843; Municipaltiy of Brooke’s Point, Barangay Mainit,
Mainit Falls: KU 309607.
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Supplemental Figure 1. Haplotype network for Philippine Gonocephalus (and G. bellii and G. bornensis) derived
from the mitochondrial ND2 locus.
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Supplemental Figure 2. Multi-locus phylogenetic inference for Gonocephalus. Sundaic lineages
highlighted in gray, while Philippine lineages are colored corresponding to their geographical distribution
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Supplemental Figure 3. Fossil-calibrated phylogeny for Varanus (and outgroups). Calibration nodes indicated by
an asterisk, nodes with >0.95 posterior probability indicated by a circle, and bars represent 95% confidence
interval.
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A. carolinesis
H. horridum
H. suspectrum
X. grandis
C. enneagrammus
A. pulchra
E. multicarinata
A. fragilis
P. apodus
S. crocodilurus
L. borneensis
V. griseus
V. exanthematicus
V. niloticus
V. salvadorii
V. komodoensis
V. varius
V. spenceri
V. mertensi
V. giganteus
V. rosenbergi
V. gouldii
V. panoptes horni
V. p. panoptes
V. brevicauda
V. eremias
V. gilleni
V. kingorum
V. primordius
V. storri
V. acanthurus
V. baritji
V. glebopalma
V. pilbarensis
V. glauerti
V. tristis
V. scalaris
V. timorensis
V. mitchelli
V. semiremex
V. bitatawa
V. olivaceus
V. prasinus
V. beccari
V. keithhornei
V. indicus
V. melinus
V. jobiensis
V. doreanus
V. finschi
V. yuwonoi
V. dumerilii
V. flavescens
V. nebulosis
V. bengalensis
V. rudicollis
V. cumingi samarensis - Samar
V. c. samarensis - Bohol
V. cumingi cumingi - W. Mindanao
V. c. cumingi - Talikud
V. c. cumingi - E. Mindanao
V. c. cumingi - Camiguin Sur
V. marmoratus - Calayan
V. marmoratus - Luzon
V. marmoratus - Lubang
V. salvator bivitattus - Java
V. s. macromaculatus - Myanmar
V. s. macromaculatus - W. Malaysia
V. s. macromaculatus - Singapore
V. s. macromaculatus - Sumatra
V. togianus
V. nuchalis - Sibuyan
V. nuchalis - Masbate
V. nuchalis - Negros
V. nuchalis - Panay
V. cf. marmoratus - Bicol
V. cf. marmoratus - Catanduanes
V. cf. marmoratus - Bicol
V. cf. marmoratus - Polillo
V. cf. marmoratus - Mindoro
V. cf. marmoratus - Semirara
V. palawanensis

Supplemental Figure 4. BEAST cladogram used for node number assignment in conjunction with
Supplemental Table S7.
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Supplemental Table S1. Voucher identities for Philippine Gonocephalus and relevant outgroup samples, with
general collecting localities and GenBank accession numbers. Institutional abbreviations are as follows: University
of California at Berkeley, Museum of Vertebrate Zoology (MVZ); Wildlife Heritage Trust, Colombo, Sri Lanka
(WHT), Bombay Natural History Society, Bombay, India (BNHS); La Sierra University Herpetology Collection
(LSUHC), Cincinnati Museum of Natural History (CMNH), University of Kansas Biodiversity Institute (KU),
Smithsonian National Museum (USNM), personal field series corresponding to uncatalogued material (ACD, CDS,
EMD, MG, RMB). Sequences not generated for this study were taken from Macey et al. (2000).
Acanthosaura nataliae
A. lepidogaster
Aphaniotis fuscus
Ceratophora aspera
Ceratophora stoddartii
Ceratophora tennentii
Cophotis cylanica
Lyriocephalus scutatus
Salea horsfieldii
Gonocephalus abbotti
G. abbotti
G. abbotti
G. abbotti
G. abbotti
G. bellii
G. bellii
G. bellii
G. bellii
G. bornensis
G. chamaeleontinus
G. chamaeleontinus
G. chamaeleontinus
G. chamaeleontinus
G. chamaeleontinus
G. chamaeleontinus
G. chamaeleontinus
G. chamaeleontinus
G. chamaeleontinus
G. grandis
G. grandis
G. grandis
G. grandis
G. grandis
G. grandis
G. grandis
G. grandis
G. grandis
G. grandis
G. grandis
G. grandis
G. grandis
G. grandis
G. grandis
G. grandis
G. grandis
G. grandis
Malayodracon robinsonii

Museum No.
MVZ 222130
MVZ 224090
TNHC 57874
WHT 1825
WHT 1512
—
WHT 2061
WHT 2196
BNHS-AMB 5739
LSUHC 5677
LSUHC 5682
LSUHC 7035
LSUHC 7036
LSUHC 5678
LSUHC 4020
LSUHC 4982
LSUHC 6559
LSUHC 6706
LSUHC 6291
LSUHC 3788
LSUHC 3789
LSUHC 3881
LSUHC 4553
LSUHC 4586
LSUHC 4623
LSUHC 4624
LSUHC 5391
LSUHC 5398
LSUHC 3502
LSUHC 6736
LSUHC 6735
LSUHC 3790
LSUHC 3836
LSUHC 4545
LSUHC 4620
LSUHC 4621
LSUHC 4622
LSUHC 4649
LSUHC 4650
LSUHC 4654
LSUHC 4825
LSUHC 4826
LSUHC 4938
LSUHC 4939
LSUHC 4940
TNHC 56500
LSUHC 5086

Locality
Vietnam
Vietnam
West Malaysia
Sri Lanka
Sri Lanka
Sri Lanka
Sri Lanka
Sri Lanka
India
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
East Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia
West Malaysia

ND2
AF128498
AF128499
AF128495
AF128491
AF128492
AF128521
AF128493
AF128494
AF128490

AF128496
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M. robinsonii
M. robinsonii
M. robinsonii
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
G. interruptus
Gonocephalus sp.
Gonocephalus sp.
Gonocephalus sp.
Gonocephalus sp.
Gonocephalus sp.
Gonocephalus sp.
Gonocephalus sp.
Gonocephalus sp.
Gonocephalus sp.
Gonocephalus sp.
G. sophiae
G. sophiae

Museum No.
LSUHC 5873
LSUHC 6592
LSUHC 6645
KU 314914
KU 321488
ACD 3805
KU 321491
KU 314929
KU 314923
KU 321485
KU 314925
KU 314936
KU 314919
KU 310841
KU 314927
KU 314916
KU 314934
KU 314937
KU 321494
KU 319909
KU 319915
KU 319905
KU 319907
KU 319903
EMD 250
CMNH H1603
KU 327274
KU 327273
KU 327276
KU 327264
KU 327275
KU 339573
KU 327260
KU 327267
KU 327262
KU 327259
KU 339572
KU 309865
KU 309863
RMB 8135
KU 309868
KU 309869
KU 309873
KU 310843
KU 310845
KU 326404
KU 326418
KU 324497
KU 324506
KU 324510
KU 324501
KU 324508
KU 324500
USNM 222388
KU 327254

Locality
West Malaysia
West Malaysia
West Malaysia
Mindanao
Mindanao
Mindanao
Mindanao
Mindanao
Mindanao
Mindanao
Mindanao
Mindanao
Mindanao
Mindanao
Mindanao
Mindanao
Mindanao
Mindanao
Mindanao
Mindanao
Mindanao
Mindanao
Mindanao
Mindanao
Mindanao
Talikud
Mindanao
Mindanao
Mindanao
Mindanao
Mindanao
Mindanao
Mindanao
Mindanao
Mindanao
Mindanao
Mindanao
Camiguin Sur
Camiguin Sur
Camiguin Sur
Camiguin Sur
Camiguin Sur
Camiguin Sur
Samar
Samar
Leyte
Leyte
Bohol
Bohol
Bohol
Bohol
Bohol
Bohol
Luzon
Luzon

ND2
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G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. sophiae
G. semperi
G. semperi
Gonocephalus sp.
Gonocephalus sp.

Museum No.
KU 327255
KU 320047
KU 320045
KU 327258
KU 326416
KU 320046
KU 326415
KU 326420
KU 326413
RMB3705
RMB3706
KU 327257
KU 326419
KU 307473
KU 313808
KU 313807
KU 313806
DSB4320
KU 323156
KU 323155
KU 326414
RMB3896
KU 326412
RMB3380
KU 324493
KU 324494
KU 324503
KU 324502
KU 305178
KU 305181
MG001
GVAG262
KU 305748
KU 306867
KU 303403
KU 303297
KU 305749
KU 305750

Locality
Luzon
Luzon
Luzon
Luzon
Luzon
Luzon
Luzon
Luzon
Luzon
Luzon
Luzon
Luzon
Luzon
Luzon
Luzon
Luzon
Luzon
Luzon
Luzon
Luzon
Luzon
Luzon
Luzon
Luzon
Negros
Negros
Negros
Negros
Panay
Panay
Panay
Panay
Cebu
Panay
Mindoro
Mindoro
Cebu
Cebu

ND2
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Supplemental Table S2. Voucher identities for Gonocephalus and relevant outgroup samples, with collecting
localities and GenBank accession numbers. Institutional abbreviations are as follows: University of California at
Berkeley, Museum of Vertebrate Zoology (MVZ); Wildlife Heritage Trust, Colombo, Sri Lanka (WHT), Bombay
Natural History Society, Bombay, India (BNHS); La Sierra University Herpetology Collection (LSUHC), Cincinnati
Museum of Natural History (CMNH), University of Kansas Biodiversity Institute (KU), Smithsonian National
Museum (USNM), National Museum of Singapore (RMBR), and personal field series corresponding to
uncatalogued material (ACD, BRK, EMD, ENS, CDS, GVAG, ID, RMB). Sequences not generated for this study
were taken from Macey et al. (2000) and Grismer et al. (2015).
Acanthosaura nataliae
Acanthosaura lepidogaster
Aphaniotis fuscus
Bronchocela cristatella
Ceratophora aspera
Ceratophora stoddartii
Ceratophora tennentii
Cophotis cylanica
Lyriocephalus scutatus
Malayodracon robinsonii
Malayodracon robinsonii
Malayodracon robinsonii
Malayodracon robinsonii
Malayodracon robinsonii
Malayodracon robinsonii
Malayodracon robinsonii
Malayodracon robinsonii
Salea horsfieldii
Gonocephalus abbotti
Gonocephalus abbotti
Gonocephalus abbotti
Gonocephalus abbotti
Gonocephalus abbotti
Gonocephalus abbotti
Gonocephalus abbotti
Gonocephalus abbotti
Gonocephalus bellii
Gonocephalus bellii
Gonocephalus bellii
Gonocephalus bellii
Gonocephalus bellii
Gonocephalus bellii
Gonocephalus bellii
Gonocephalus bellii
Gonocephalus bellii
Gonocephalus bellii
Gonocephalus bellii
Gonocephalus bellii
Gonocephalus bellii
Gonocephalus bellii
Gonocephalus bellii
Gonocephalus bellii
Gonocephalus bellii
Gonocephalus bellii
Gonocephalus bellii
Gonocephalus bellii

Museum No.
MVZ 222130
MVZ 224090
TNHC 57874
KU 326255
WHT1825
WHT 1512
NA
WHT 2061
WHT 2196
LSUHC 7238
LSUHC 7237
LSUHC 12106
LSUHC 10695
LSUHC 7207
LSUHC 5873
JAM 1966
JAM 1967
BNHS-AMB 5739
LSUHC 8172
LSUHC 7682
LSUHC 7647
LSUHC 5678
LSUHC 5677
LSUHC 5682
LSUHC 7035
LSUHC 7036
LSUHC 10229
LSUHC 4982
LSUHC 6559
LSUHC 6706
LSUHC 6736
LSUHC 9196
LSUHC 10352
LSUHC 6779
LSUHC 6782
LSUHC 9830
LSUHC 9890
LSUHC 9889
JAM 1754
LSUHC 8974
JAM 1827
LSUHC 10692
LSUHC 6559
LSUHC 6558
JAM 1715
LSUHC 6560

General Locality
Gia Lai, Vietnam
Vinh Phuc, Vietnam
Selangor, West Malaysia
Quezon Province, Luzon, Philippines
Sri Lanka
Sri Lanka
Sri Lanka
Sri Lanka
Western Ghats, India
Pahang, West Malaysia
Pahang, West Malaysia
Pahang, West Malaysia
Selangor, West Malaysia
Pahang, West Malaysia
Selangor, West Malaysia
Pahang, West Malaysia
Pahang, West Malaysia
Western Ghats, India
Johor, West Malaysia
Johor, West Malaysia
Johor, West Malaysia
Perak, West Malaysia
Perak, West Malaysia
Perak, West Malaysia
Perak, West Malaysia
Perak, West Malaysia
Johor, West Malaysia
Pahang, West Malaysia
Selangor, West Malaysia
Pulau Pinang, West Malaysia
Pulau Pinang, West Malaysia
Pulau Pangkor, West Malaysia
Penang, West Malaysia
Pulau Pinang, West Malaysia
Pulau Pinang, West Malaysia
Pahang, West Malaysia
Terengganu, West Malaysia
Terengganu, West Malaysia
Johor, West Malaysia
Johor, West Malaysia
Selangor, West Malaysia
Selangor, West Malaysia
Selangor, West Malaysia
Selangor, West Malaysia
Johor, West Malaysia
Selangor, West Malaysia

ND2
AF128498
AF128499
AF128495
KR053114
AF128491
AF128492
AF128521
AF128493
AF128494

AF128490
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Gonocephalus bellii
Gonocephalus bellii
Gonocephalus beyschlagi
Gonocephalus bornensis
Gonocephalus bornensis
Gonocephalus bornensis
Gonocephalus bornensis
Gonocephalus bornensis
Gonocephalus bornensis
Gonocephalus chamaeleontinus
Gonocephalus chamaeleontinus
Gonocephalus chamaeleontinus
Gonocephalus chamaeleontinus
Gonocephalus chamaeleontinus
Gonocephalus chamaeleontinus
Gonocephalus chamaeleontinus
Gonocephalus chamaeleontinus
Gonocephalus chamaeleontinus
Gonocephalus chamaeleontinus
Gonocephalus chamaeleontinus
Gonocephalus chamaeleontinus
Gonocephalus chamaeleontinus
Gonocephalus chamaeleontinus
Gonocephalus chamaeleontinus
Gonocephalus chamaeleontinus
Gonocephalus doriae
Gonocephalus doriae
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis

Museum No.
JAM 1755
LSUHC 6643
JAM 9852
RMBR 788
RMBR 832
ID 9374
JAM 1482
JAM 1483
LSUHC 6291
JAM 11110
JAM 2391
RMB 18384
ENS 14836
ENS 14858
JAM 1868
JAM 1852
LSUHC 3788
LSUHC 3789
LSUHC 3881
LSUHC 4553
LSUHC 4586
LSUHC 4623
LSUHC 4624
LSUHC 5391
LSUHC 5398
LSUHC 9177
ID 9375
LSUHC 6736
LSUHC 6735
LSUHC 3836
LSUHC 4826
LSUHC 4938
LSUHC 4939
LSUHC 4940
TNHC 56500
LSUHC 10312
LSUHC 6692
LSUHC 9619
LSUHC 5891
ENS 16919
JAM 10209
JAM 10118
RMBR 848
RMBR 789
BRK 531
BRK 408
RMBR 869
RMBR 720
RMBR 870
RMBR 870
RMBR 839
RMBR 721
LSUHC 6662
LSUHC 6646
LSUHC 6579

General Locality
Johor, West Malaysia
Selangor, West Malaysia
Sumatra Utara, Sumatra
Borneo
Borneo
Sarawak, East Malaysia
Sabah, East Malaysia
Sabah, East Malaysia
Sabah, East Malaysia
Pulau Tuangku, Banyak Islands
Java
Java Tengah, Java
Lapung, Sumatra
Lapung, Sumatra
Pulau Tioman, West Malaysia
Pulau Tioman, West Malaysia
Pulau Tioman, West Malaysia
Pulau Tioman, West Malaysia
Pulau Tioman, West Malaysia
Pulau Tioman, West Malaysia
Pulau Tioman, West Malaysia
Pulau Tioman, West Malaysia
Pulau Tioman, West Malaysia
Pulau Tioman, West Malaysia
Pulau Tioman, West Malaysia
Sarawak, East Malaysia
Sarawak, East Malaysia
Pulau Pinang, West Malaysia
Pulau Pinang, West Malaysia
Pulau Tioman, West Malaysia
Selangor, West Malaysia
Pahang, West Malaysia
Pahang, West Malaysia
Pahang, West Malaysia
Selangor, West Malaysia
Kedah, Malaysia
Pulau Pinang, West Malaysia
Kedah, Malaysia
Kedah, Malaysia
Sumatera Utara, Sumatra
Sumatera Utara, Nias Island
Sumatera Utara, Nias Island
Borneo
Borneo
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Borneo
Borneo
Borneo
Borneo
Borneo
Borneo
Selangor, West Malaysia
Selangor, West Malaysia
Selangor, West Malaysia
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Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus grandis
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus

Museum No.
JAM 1041
ENS 16381
ENS 16966
ENS 16382
LSUHC 10328
LSUHC 5625
LSUHC 4842
LSUHC 4984
LSUHC 10582
LSUHC 7709
LSUHC 7668
LSUHC 7655
LSUHC 6428
LSUHC 5397
LSUHC 8032
LSUHC 8197
LSUHC 8205
LSUHC 6292
LSUHC 8033
LSUHC 8188
KU 314914
KU 321488
ACD 3805
KU 321491
KU 314929
KU 314923
KU 321485
KU 314925
KU 314936
KU 314919
KU 310841
KU 314927
KU 314916
KU 314934
KU 314937
KU 321494
KU 319909
KU 319915
KU 319905
KU 319907
KU 319903
EMD 250
CMNH H1603
KU 327274
KU 327273
KU 327276
KU 327264
KU 327275
KU 339573
KU 327260
KU 327267
KU 327262
KU 327259
KU 339572
KU 309865

General Locality
Selangor, West Malaysia
Sumatera Utara, Sumatra
Sumatera Utara, Sumatra
Sumatera Utara, Sumatra
Terrengganu, West Malaysia
Perak, West Malaysia
Selangor, West Malaysia
Pahang, West Malaysia
Gunung Ledang, West Malaysia
Johor, West Malaysia
Johor, West Malaysia
Johor, West Malaysia
Pulau Tioman, West Malaysia
Pulau Tioman, West Malaysia
Pulau Tioman, West Malaysia
Johor, West Malaysia
Johor, West Malaysia
Pulau Tioman, West Malaysia
Pulau Tioman, West Malaysia
Johor, West Malaysia
Zamboanga City, Mindanao
Zamboanga City, Mindanao
Zamboanga Del Sur, Mindanao
Zamboanga City, Mindanao
Zamboanga City, Mindanao
Zamboanga City, Mindanao
Zamboanga City, Mindanao
Zamboanga City, Mindanao
Zamboanga City, Mindanao
Zamboanga City, Mindanao
Zamboanga City, Mindanao
Zamboanga City, Mindanao
Zamboanga City, Mindanao
Zamboanga City, Mindanao
Zamboanga City, Mindanao
Zamboanga City, Mindanao
Agusan Del Sur, Mindanao
Agusan Del Sur, Mindanao
Agusan Del Sur, Mindanao
Agusan Del Sur, Mindanao
Agusan Del Sur, Mindanao
Agusan Del Norte, Mindanao
Davao Del Norte, Talikud
South Cotobato, Mindanao
South Cotobato, Mindanao
South Cotobato, Mindanao
Davao del Sur, Mindanao
South Cotobato, Mindanao
South Cotobato, Mindanao
Davao del Sur, Mindanao
Davao del Sur, Mindanao
Davao del Sur, Mindanao
South Cotobato, Mindanao
South Cotobato, Mindanao
Camiguin, Camiguin Sur
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Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus klossi
Gonocephalus klossi
Gonocephalus klossi
Gonocephalus klossi
Gonocephalus klossi
Gonocephalus klossi
Gonocephalus klossi
Gonocephalus klossi
Gonocephalus klossi
Gonocephalus klossi
Gonocephalus klossi
Gonocephalus klossi
Gonocephalus kuhlii
Gonocephalus kuhlii
Gonocephalus kuhlii
Gonocephalus kuhlii
Gonocephalus kuhlii
Gonocephalus kuhlii
Gonocephalus kuhlii
Gonocephalus kuhlii
Gonocephalus kuhlii
Gonocephalus kuhlii
Gonocephalus lacunosus
Gonocephalus lacunosus
Gonocephalus lacunosus
Gonocephalus liogaster
Gonocephalus liogaster
Gonocephalus liogaster
Gonocephalus liogaster
Gonocephalus liogaster
Gonocephalus liogaster
Gonocephalus liogaster
Gonocephalus liogaster
Gonocephalus liogaster
Gonocephalus megalepis
Gonocephalus megalepis
Gonocephalus megalepis
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus interruptus
Gonocephalus sp.
Gonocephalus sp.
Gonocephalus sp.
Gonocephalus sp.
Gonocephalus sp.
Gonocephalus sp.
Gonocephalus sp.

Museum No.
KU 309863
RMB 8135
KU 309868
KU 309869
KU 309873
RMBR 339
RMBR 340
RMBR 319
RMBR 362
RMBR 341
ENS 14710
ENS 14714
ENS 14718
ENS 14713
ENS 14803
ENS 14077
ENS 14078
ENS 15867
ENS 15881
ENS 15868
ENS 15866
ENS 15870
ENS 13521
ENS 13527
ENS 13518
RMB 18206
RMB 18139
JAM 9800
ENS 16391
ENS 16389
JAM 1187
JAM 1204
LSUHC 9175
LSUHC 7720
LSUHC 7722
LSUHC 7641
LSUHC 7721
LSUHC 7710
LSUHC 8190
ENS 16887
ENS 17752
ENS 17755
KU 309865
KU 309863
RMB 8135
KU 309868
KU 309869
KU 309873
KU 310843
KU 310845
KU 326404
KU 326418
KU 324497
KU 324506
KU 324510

General Locality
Camiguin, Camiguin Sur
Camiguin, Camiguin Sur
Camiguin, Camiguin Sur
Camiguin, Camiguin Sur
Camiguin, Camiguin Sur
Bengkulu, Sumatra
Bengkulu, Sumatra
Bengkulu, Sumatra
Bengkulu, Sumatra
Sumatra
Sumatera Selatan, Sumatra
Sumatera Selatan, Sumatra
Sumatera Selatan, Sumatra
Sumatera Selatan, Sumatra
Lampung, Sumatra
Lampung, Sumatra
Lampung, Sumatra
Jawa Barat, Java
Jawa Barat, Java
Jawa Barat, Java
Jawa Barat, Java
Jawa Barat, Java
Jawa Timur, Java
Jawa Timur, Java
Jawa Timur, Java
Jawa Timur, Java
Jawa Timur, Java
Sumatera Utara, Sumatra
Sumatera Utara, Sumatra
Sumatera Utara, Sumatra
Santaban, West Kalimantan
Sarawak, East Malaysia
Sarawak, East Malaysia
Johor, West Malaysia
Johor, West Malaysia
Johor, West Malaysia
Johor, West Malaysia
Johor, West Malaysia
Johor, West Malaysia
Sumatera Utara, Sumatra
Sumatera Utara, Sumatra
Sumatera Utara, Sumatra
Camiguin, Camiguin Sur
Camiguin, Camiguin Sur
Camiguin, Camiguin Sur
Camiguin, Camiguin Sur
Camiguin, Camiguin Sur
Camiguin, Camiguin Sur
Eastern Samar, Samar
Eastern Samar, Samar
Leyte, Leyte
Leyte, Leyte
Bohol, Bohol
Bohol, Bohol
Bohol, Bohol

ND2
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Gonocephalus sp.
Gonocephalus sp.
Gonocephalus sp.
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sophiae
Gonocephalus sp.
Gonocephalus sophiae
Gonocephalus semperi
Gonocephalus semperi
Gonocephalus sp.
Gonocephalus sp.

Museum No.
KU 324501
KU 324508
KU 324500
USNM 222388
KU 327254
KU 327255
KU 320047
KU 320045
KU 327258
KU 326416
KU 320046
KU 326415
KU 326420
KU 326413
RMB3705
RMB3706
KU 327257
KU 326419
KU 307473
KU 313808
KU 313807
KU 313806
DSB4320
KU 323156
KU 323155
KU 326414
RMB3896
KU 326412
RMB3380
KU 324493
KU 324494
KU 324503
KU 324502
KU 305178
KU 305181
MG001
GVAG262
KU 305748
KU 306867
KU 303403
KU 303297
KU 305749
KU 305750

General Locality
Bohol, Bohol
Bohol, Bohol
Bohol, Bohol

ND2

Cavite, Luzon
Cavite, Luzon
Laguna, Luzon
Laguna, Luzon
Laguna, Luzon
Quezon, Luzon
Laguna, Luzon
Quezon, Luzon
Quezon, Luzon
Camarines del Sur, Luzon
Laguna, Luzon
Quezon, Luzon
Quezon, Luzon
Camarines Norte, Luzon
Camarines Norte, Luzon
Camarines Norte, Luzon
Aurora, Luzon
Aurora, Luzon
Albay, Luzon
Camarines del Sur, Luzon
Negros Occidental, Negros
Negros Occidental, Negros
Negros Occidental, Negros
Negros Occidental, Negros
Antique, Panay
Antique, Panay
Cebu, Cebu
Antique, Panay
Occidental Mindoro, Mindoro
Occidental Mindoro, Mindoro
Cebu, Cebu
Cebu, Cebu
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Supplemental Table S3. Voucher identities for samples of the Varanus salvator species complex, including general
collecting localities. Institutional abbreviations are as follows: Texas Natural History Collection (TNHC); La Sierra
University Herpetology Collection (LSUHC), Cincinnati Museum of Natural History (CMNH), University of
Kansas Biodiversity Institute (KU), University of Michigan Museum of Zoology (UMMZ), and personal field series
corresponding to uncatalogued material (ACD, RMB).
Varanus bangonorum
Varanus bangonorum
Varanus bangonorum
Varanus bangonorum
Varanus cumingi
Varanus dalubhasa
Varanus dalubhasa
Varanus dalubhasa
Varanus dalubhasa
Varanus dalubhasa
Varanus marmoratus
Varanus marmoratus
Varanus marmoratus
Varanus marmoratus
Varanus marmoratus
Varanus marmoratus
Varanus marmoratus
Varanus marmoratus
Varanus marmoratus
Varanus nuchalis
Varanus nuchalis
Varanus nuchalis
Varanus nuchalis
Varanus nuchalis
Varanus palawanensis
Varanus palawanensis
Varanus samarensis
Varanus togianus
Varanus togianus
Varanus salvator macromaculatus
Varanus salvator macromaculatus
Varanus salvator macromaculatus
Varanus salvator bivittatus

Museum #
KU 308437
KU 335744
KU 305161
KU 305151
CMNH H1627
KU 306603
KU 306601
KU 308216
KU 326703
KU 326702
KU 314033
KU 327752
KU 304853
KU 304595
KU 326697
KU 325842
TNHC 63000
KU 305159
ACD 5863
KU 305172
CMNH H768
KU 335261
KU 335262
RMB 3326
KU 309607
KU 327843
KU 335263
RMB
BSI 1565
LSUHC
CAS 212911
UMMZ 227119
UMMZ 227129

General Locality
Mindoro, Philippines
Mindoro, Philippines
Mindoro, Philippines
Mindoro, Philippines
Talikud, Philippines
Luzon, Philippines (Bicol)
Luzon, Philippines (Bicol)
Luzon, Philippines (Bicol)
Luzon, Philippines (Bicol)
Luzon, Philippines (Bicol)
Luzon, Philippines
Luzon, Philippines
Luzon, Philippines
Luzon, Philippines
Luzon, Philippines
Luzon, Philippines
Luzon, Philippines
Luzon, Philippines
Luzon, Philippines
Sibuyan, Philippines
Panay, Philippines
Masbate, Philippines
Negros, Philippines
Negros, Philippines
Palawan, Philippines
Palawan, Philippines
Samar, Philippines
Sulawesi, Indonesia
Sulawesi, Indonesia
North Gerik, West Malaysia
Ayeyarwade, Myanmar
Sumatra, Indonesia
Java, Indonesia
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Supplemental Table S4. GenBank accession and repository institution numbers for all samples included in this
study. See Welton et al. (2013) and Vidal et al. (2012) for sample localities. Due to length, locus L74 was deposited
at Dryad (doi: 10.5061/dryad.m0n61). Institutional abbreviations are as follows: CCA, Louisiana State University
(uncatalogued material); CAS, California Academy of Sciences; MVZ, Harvard Museum of Vertebrate Zoology;
UMMZ/UMFS, University of Michigan Museum of Zoology, AM, Australia Museum, PZ, Philadelphia Zoo;
CMNH, Cincinnati Museum of Natural History; KU, University of Kansas Biodiversity Institute; UF, University of
Florida; QM, Queensland Museum; NZP, National Zoological Park of Indonesia; ROM, Royal Ontario Museum;
LSUH, La Sierra University; WAM, Western Australia Museum; and AZ, Australia Zoo. Additional identifiers
represent field numbers for either uncatalogued or unvouchered material at the University of Kansas (ACD, CDS,
JF, LJW).
Taxon
A. carolinenis
A. fragilis
A. pulchra
C. enneagrammus
E. multicarinata
H. horridum
H. suspectrum
L. bornensis
P. apodus
S. crocodilurus
V. acanthurus
V. baritji
V. beccari
V. bengalensis
V. bitatawa
V. bitatawa
V. brevicauda
V. cumingi cumingi
V. c. cumingi
V. c. cumingi
V. c. cumingi
V. c. cumingi
V. c. cumingi
V. c. samarensis
V. c. samarensis
V. doreanus
V. dumerilii
V. eremias
V. exanthematicus
V. finschi
V. flavescens
V. giganteus
V. gilleni
V. glauerti
V. glebopalma
V. gouldii
V. griseus
V. indicus
V. jobiensis
V. keithhornei
V. kingorum
V. komodoensis
V. marmoratus
V. marmoratus

Institution #
CCA 8051
CAS 190559
CAS B15p556
MVZ 191045
MVZ 227733
UMMZ 225052
N/A
N/A
CAS 182911
N/A
AM R143881
UMMZ 222676
UMMZ 227118
PZ 300941
KU 320000
KU 322188
AMH 46914
CDSGS 08
CMNH H 1400
KU 315216
KU 309898
KU 315217
KU 314128
KU 310870
KU 335263
UMMZ 227117
UMMZ 227120
AM R147247
UMMZ 227735
JF 129
UF 67500
UMFS 10960
AM R147264
UMMZ 225504
UMMZ 218497
AM R123634
UMMZ 221342
AM R137997
UMMZ 211713
QM 70792
UMMZ 219012
NZP
KU 304880
KU 304879

ND1/ND2
NC_010972
AF407536
AF407537
AF085607
AF085620
AF407539
AF407540
AF407541
AF085623
HQ008865
AF407488
AF207489
AF407490
AF407491
HM017192
HM017191
HQ234912
JX677619/JX677723
JX677621/JX677725
JX677626/JX677730
JX677620/JX677724
JX677631/JX677735
JX677622/JX677726
JX677617/JX677721
JX677618/JX677722
AF407493
AF407494
AF407495
AF407496
AF407497
AF407498
AF407499
AF407500
AF407501
AF407502
AF407503
AF407506
AF407507
AF407508
AF407509
AF407510
JX677639/JX677743
JX677638/JX677742

DGL-α

L52

PRLR
JN880807
GQ285108
JN880806
JN880817
JN880830
JN880841
JN880842
JN880848
GQ285117
JN880877
JN880892

KC795083
KC795084

KC795160
KC795157

KC795234
KC795233

KC795016
KC795017
KC795025
KC795014
KC795023
KC795015
KC795031
KC795026

KC795107
KC795112
KC795123
KC795145
KC795148
KC795149
KC795097

KC795219
KC795169
KC795170
KC795208
KC795217
KC795209

KC795085

KC795159

JN880893
KC795232

KC795069
KC795068

KC795143
KC795142

KC795207
KC795224

KC795224
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Taxon
V. marmoratus
V. marmoratus
V. marmoratus
V. marmoratus
V. cf. marmoratus
V. cf. marmoratus
V. cf. marmoratus
V. cf. marmoratus
V. cf. marmoratus
V. cf. marmoratus
V. cf. marmoratus
V. melinus
V. mertensi
V. mitchelli
V. nebulosus
V. nebulosus
V. nebulosus
V. niloticus
V. nuchalis
V. nuchalis
V. nuchalis
V. nuchalis
V. nuchalis
V. nuchalis
V. olivaceus
V. olivaceus
V. olivaceus
V. olivaceus
V. palawanensis
V. palawanensis
V. panoptes horni
V. p. panoptes
V. pilbarensis
V. prasinus
V. primordius
V. rosenbergi
V. rudicollis
V. salvadorii
V. salvator bivittatus
V. s. bivittatus
V. s. macromaculatus
V. s. macromaculatus
V. s. macromaculatus
V. s. macromaculatus
V. scalaris
V. semiremex
V. spenceri
V. storri
V. timorensis
V. togianus
V. togianus
V. tristis
V. varius
V. yuwonoi
X. grandis

Institution #
KU 323440
KU 323436
CDS 3830
KU 305158
KU 308216
KU 305151
KU 306602
KU 308437
KU 326702
KU 326703
KU 313880
UMMZ 222681
AM R123877
UMMZ 210576
ROM 35017
LSUH
KU
UMMZ 221377
KU 305148
KU 305153
KU 305157
KU 335261
CMNH H 768
KU 305134
KU 322187
KU 329517
KU 322186
UMMZ 210202
KU 309607
KU 327843
UMFS 10157
UMMZ 210491
WAM R132659
UMMZ 225514
UMMZ 218495
AM R6154
LJW 0088
UMMZ 225541
UMMZ 227122
UMMZ 227129
ACD 3585
UMMZ 227128
CAS 212011
LSUH
UMMZ 218493
AZ-1
UMMZ 218500
AM R143912
WAM R132659
RMB
BSI 1565
AM R143919
AM R133492
UMMZ 225545
MVZ137789

ND1/ND2
JX677652/JX677756
JX677647/JX677751
JX677663/JX677767
JX677662/JX677766
JX677592/JX677706
JX677582/JX677699
JX677590/JX677704
JX677584/JX677701
JX677614/JX677718
JX677615/JX677719
JX677588/JX677702
AF407511
AF407512
AF407513
AF407492
JX677569
JX677568
AF407514
JX677609/JX677609
JX677604/JX677604
JX677605/JX677605
JX677607/JX677607
JX677603/JX677603
JX677610/JX677610
HM017193
HM034755
AF407515
JX677580/JX677697
JX677601/JX677708
AF407517
AF407516
AF407518
AF407519
AF407520
HQ234914
JX677685/JX677774
AF407522
JX677576/JX677693
JX677577/JX677694
JX677570/JX677688
JX677573/JX677691
JX677572/JX677690
JX677571/JX677689
AF407527
AF407529
AF407530
AF407531
AF407532
JX677579/JX677696
JX677602/JX677709
AF407533
AF407534
AF407535
U71333

DGL-α
KC795047
KC795032
KC795054
KC795057
KC795053
KC795060
KC795035
KC795062
KC795040
KC795052
KC795043

L52
KC795127
KC795117
KC795100
KC795094
KC795095
KC795105
KC795109
KC795111
KC795120
KC795121
KC795150

PRLR
KC795199
KC795192
KC795182
KC795223
KC795181
KC795184
KC795187
KC795188
KC795195
KC795228
KC795210

KC795080

KC795162

KC795236

KC795065
KC795027
KC795028
KC795072
KC795071
KC795064
KC795082
KC795079
KC795081

KC795092
KC795098
KC795099
KC795103
KC795115
KC795139
KC795161
KC795158
KC795165

KC795221
KC795171
KC795172
KC795214
KC795191
KC795204
HM017206
KC795237
KC795235

KC795013
KC795012

KC795144

KC795176
KC795177

KC795078

KC795166
KC795152
KC795155

KC795009

KC795154
KC795091
KC795156

KC795167

KC795010
KC795011

KC795122
KC795090

KC795196
KC795220

192

Supplemental Table S5. Calibration priors for divergence dating, and median and upper and lower bounds (95%
confidence interval in millions of years) for fossil-calibrated nodes.
Fossil/node
Varanus amnhophilis
Varanus sp.
Palaeosaniwa
Primaderma
Odaxosaurus
Anguimorpha
Anolis + Anguimorpha

Prior distribution (mean, offset)
Exponential (1.01, 6.9)
exponential (14.086, 28.4)
exponential (70.6, 12.16)
exponential (19.15, 99.6)
exponential (9.68, 70.64)
uniform (lower=107, upper=157)
uniform (lower=0.0, upper =200)

Median Age (95% CI)
20.8286 (16.5146, 24.9969)
40.4127 (34.2289, 46.8761)
100.8234 (90.3623, 110.7823)
101.8745 (99.6, 105.8587)
84.3268 (72.4939, 95.1388)
110.5464 (107.0004, 116.408)
117.4837 (107.3722, 130.8108)
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Supplemental Table S6. Matrices for relative dispersal rates between contemporary and paleo-areas for ancestral
range analyses in Lagrange (Ree and Smith, 2008). Values based on relative geographical positions as inferred from
the reconstructions of Hall (2013).
0–5 Ma
Sund.
Sundaland
–
Wallacea
0.5
Australia
0.5
Indochina
0.25
Africa
0.1
Europe
0.1
N. America
0.1
Australo0.5
Papua
Philippines
0.5

Wallacea
0.5
–
0.5
0.25
0.1
0.1
0.1

Aust.
0.5
0.5
–
0.25
0.1
0.1
0.1

Indo.
0.25
0.25
0.25
–
0.25
0.25
0.1

Africa
0.1
0.1
0.1
0.25
–
0.5
0.1

Europe
0.1
0.1
0.1
0.25
0.5
–
0.1

N. America
0.1
0.1
0.1
0.1
0.1
0.1
–

Aust.-Papua
0.5
0.5
0.5
0.25
0.1
0.1
0.1

Philippines
0.5
0.5
0.25
0.5
0.1
0.1
0.1

0.5

0.5

0.25

0.1

0.1

0.1

–

0.5

0.5

0.25

0.5

0.1

0.1

0.1

0.5

–

5–10 Ma
Sund.
Sundaland
–
Wallacea
0.5
Australia
0.5
Indochina
0.25
Africa
0.1
Europe
0.1
N. America
0.1
Australo0.5
Papua
Philippines
0.5

Wallacea
0.5
–
0.5
0.25
0.1
0.1
0.1

Aust.
0.5
0.5
–
0.25
0.1
0.1
0.1

Indo.
0.25
0.25
0.25
–
0.25
0.25
0.1

Africa
0.1
0.1
0.1
0.25
–
0.5
0.1

Europe
0.1
0.1
0.1
0.25
0.5
–
0.1

N. America
0.1
0.1
0.1
0.1
0.1
0.1
–

Aust.-Papua
0.5
0.5
0.5
0.25
0.1
0.1
0.1

Philippines
0.5
0.5
0.25
0.5
0.1
0.1
0.1

0.5

0.5

0.25

0.1

0.1

0.1

–

0.5

0.5

0.25

0.5

0.1

0.1

0.1

0.5

–

10–20 Ma
Sund.
Sundaland
–
Wallacea
0.25
Australia
0.25
Indochina
0.5
Africa
0.1
Europe
0.1
N. America
0.1
Australo0.25
Papua
Philippines 0.25

Wallacea
0.25
–
0.5
0.25
0.1
0.1
0.1

Aust.
0.25
0.5
–
0.25
0.1
0.1
0.1

Indo.
0.5
0.25
0.25
–
0.25
0.25
0.1

Africa
0.1
0.1
0.1
0.25
–
0.5
0.1

Europe
0.1
0.1
0.1
0.25
0.5
–
0.1

N. America
0.1
0.1
0.1
0.1
0.1
0.1
–

0.5

0.5

0.25

0.1

0.1

0.1

–

0.5

0.25

0.25

0.5

0.1

0.1

0.1

0.5

–

Aust.-Papua Philippines
0.25
0.25
0.5
0.25
0.5
0.25
0.25
0.5
0.1
0.1
0.1
0.1
0.1
0.1
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20–115 Ma
Sundaland
Wallacea
Australia
Indochina
Africa
Europe
N. America
AustraloPapua
Philippines

Sund.
–
0.5
0.1
0.75
0.1
0.1
0.1

Wallacea
0.5
–
0.25
0.25
0.1
0.1
0.1

Aust.
0.1
0.25
–
0.25
0.1
0.1
0.1

Indo.
0.75
0.25
0.25
–
0.25
0.25
0.1

Africa
0.1
0.1
0.1
0.25
–
0.5
0.1

Europe
0.1
0.1
0.1
0.25
0.5
–
0.1

N. America
0.1
0.1
0.1
0.1
0.1
0.1
–

Aust.-Papua Philippines
0.25
0.25
0.5
0.25
0.5
0.25
0.25
0.5
0.1
0.1
0.1
0.1
0.1
0.1

0.25

0.5

0.5

0.25

0.1

0.1

0.1

–

0.5

0.25

0.25

0.25

0.5

0.1

0.1

0.1

0.5

–
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Supplemental Table S7. Summary of nodal support (posterior probability), age, and age
confidence interval for fossil-calibrated Bayesian phylogenetic inference for the Varanus
salvator Complex.
Node
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

Posterior Probability
1.0
0.7578
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
0.9932
1.0
0.9996
1.0
1.0
0.9849
1.0
0.9999
0.9683
1.0
0.9997
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
0.9848
1.0
1.0
1.0
1.0
1.0
1.0
1.0
1.0
0.9656
1.0
1.0
0.9999
0.9626

Mean Age
12.1492
43.0271
18.42
38.0857
49.9381
84.3268
101.8745
110.5464
117.4837
100.8234
78.4449
24.4816
31.0494
14.5179
19.0854
3.43
10.18
11.9496
15.682
18.3255
20.3586
26.5368
29.6927
40.4127
6.8523
11.7422
13.4132
9.7789
17.5772
21.2609
24.2781
27.4046
7.2435
10.7697
9.2704
14.8087
18.057
21.4069
23.2243
34.7169
3.7142
2.5111
3.0542
4.3345
6.3946
6.5498
9.8665
11.6246
21.6997
27.0588
30.8146

95% Confidence Interval
7.8039–17.1358
31.6644–53.8929
11.7056–25.7432
28.3179–49.1903
39.2558–60.5651
72.4939–95.1388
99.6–105.8587
107.0004–116.408
107.3722–130.8108
90.3623–110.7823
67.371–90.0593
17.4657–31.2254
24.0811–38.2895
10.1715–19.0315
14.5128–23.7055
3.1121–4.8369
7.265–12.9483
8.9288–14.9757
12.2772–19.2711
14.589–22.2119
16.2795–24.3849
22.3253–31.1499
25.3271–34.2884
34.2289–46.8761
4.7083–9.2497
8.3768–15.3073
9.1951–17.751
7.2495–12.3966
14.279–21.1587
17.5748–25.1021
20.3026–28.3279
23.2937–31.7493
5.0244–9.4815
7.2901–14.2127
6.8247–11.6961
11.5721–18.0506
14.5774–21.5429
17.635–25.3694
19.4246–27.4459
29.5712–39.8111
2.3652–5.1518
1.4614–3.759
1.8242–4.3708
2.7596–6.0964
4.4899–8.3485
4.3793–8.7622
7.3367–12.5235
8.748–14.5365
16.625–26.6079
21.7947–32.6416
25.5676–36.2424
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Node
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81

Posterior Probability
1.0
1.0
0.9992
1.0
1.0
0.3879
1.0
1.0
1.0
1.0
1.0
0.5514
1.0
1.0
0.8966
1.0
0.6349
1.0
1.0
0.5741
0.9991
0.7756
1.0
1.0
1.0
1.0
1.0
0.7229
1.0
0.9909

Mean Age
1.515
13.1876
17.6808
20.8286
13.6233
0.0945
0.2819
0.1332
0.6363
1.8679
3.6218
0.0662
0.4627
2.9981
0.3366
0.5939
1.2831
1.5113
2.2143
2.0871
0.2167
0.3008
0.4021
1.433
0.1273
0.3096
0.5733
1.9795
0.2504
1.7474

95% Confidence Interval
0.9041–2.1748
9.469–17.1546
13.5294–21.6971
16.5146–24.9969
9.8189–17.6063
0.0232–0.1734
0.115–0.4816
0.0498–0.2306
0.3478–0.9603
1.221–2.6017
2.7905–4.4579
0.0086–0.1368
0.2529–0.7069
2.3294–3.7524
0.1117–0.5922
0.3172–0.8848
0.8821–1.7053
1.0989–1.9595
1.7354–2.7045
1.6348–2.5707
0.1009–0.3452
0.1466–0.4701
0.2359–0.5795
1.0218–1.8463
0.0477–0.2177
0.163–0.4667
0.3541–0.8173
1.5431–2.4628
0.0893–0.4373
1.2552–2.2381
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bangonorum sp. nov.
dalubhasa sp. nov.
cumingi
marmoratus
nuchalis
palawanensis
samarensis
salvator
macromaculatus
salvator bivittatus
togianus

bangonorum
sp. nov.
–
3.1
3.4
3.5
2.4
2.1
3.2

dalubhasa
sp. nov.

salvator
macromaculatus

salvator
bivittatus

cumingi

marmoratus

nuchalis

palawanensis

–
3.1
3.0
0.8
1.5
3.2

–
2.3
2.5
2.3
1.6

–
2.6
2.4
2.6

–
1.0
2.4

–
2.1

–

2.4

2.4

2.7

2.7

1.7

1.4

2.6

–

2.0
2.8

3.0
1.9

3.1
2.7

3.5
3.1

2.3
1.5

2.0
1.4

3.2
2.8

2.2
1.9

togianus

–
1.8
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Supplemental Table S8. Percent pairwise genetic distance between taxa in the Varanus salvator Complex for the mitochondrial data (ND1 + ND2).

Supplementary Appendix

Calibrations for BEAST analysis
In total, seven nodes were calibrated for divergence dating in BEAST (Drummond and Rambaut, 2007;
Drummond et al., 2012). Dates used for calibration are taken directly from the literature cited.
Node 1: The most basal node, uniting all of Anguimorpha with Anolis was constrained to a maximum age of 200
Mya based on the findings of Gheerbrant and Rage (2006; [uniform, lower=0.0, upper=200]).
Node 2: The node uniting neoanguimorpha and palaeoanguimorpha was constrained to between 107 and 157 Mya
based on Gheerbrant and Rage (2006; [uniform, lower=107, upper=157]).
Node 3: Neoanguimorpha was calibrated to 99.6 Mya with the fossil helodermatid, Primaderma (Fitch et al., 2006;
[exponential, mean=19.15, offset=99.6]).
Node 4: Within neoanguimorpha, the split between Xenosauridae and the clade comprised of Anniellidae, Anguidae,
and Diploglossidae was calibrated to 70.6 Mya with the fossil Odaxosaurus, based on Ast (2001) and Thompson et
al. (2008; [exponential, mean=9.68, offset=70.64]).
Node 5: Paleoanguimporpha was calibrated to 70.6 Mya with the fossil, Palaeosaniwa (Ast, 2001; [exponential,
mean=12.6, offset=70.6]).
Node 6: The most basal Varanus node was calibrated to 28.4 Mya based on the fossil specimen of Holmes et al.
(2010; [exponential, mean=14.086, offset=28.4])
Node 7: The node uniting the Varanus salvator Complex, V. rudicollis, V. dumerilli, V. flavescens, V. nubulosus,
and V. bengalensis was calibrated to 6.9 Mya, based on the fossil V. amnhophilis from Conrad et al. (2012;
[exponential, mean=1.01, offset=6.9]).
Summary of Varanus in the fossil record
Fossils positively identified as Varanus date to as early as 37 mya in the upper Eocene (Holmes et al.,
2010; Conrad et al., 2011; Pianka et al., 2004). Although the oldest fossil is African in origin, samples from the
Eocene and Oligocene have been found in Mongolia (Alifanov, 1993), Russia (Reshetov et al., 1978; Zerova and
Chikvadze, 1986), Kyrgyzstan (Averianov and Danilov, 1997), and Africa (Smith et al., 2008). Additionally, a
relatively large amount of Miocene fossil material has been found in Africa (Estes, 1983; Clos, 1995; Rage, 2003),
Australia (Hecht, 1975; Estes, 1984; Stirton et al., 1961; Pianka, 1995), and eastern and southern Europe
(Hoffstetter, 1968; Lungu et al., 1983; Conrad et al., 2012). Fossils of the Pliocene and Pleistocene are more rare;
however, exemplars from the Pliocene exist from eastern Europe, and the Pleistocene from Australia (Estes, 1983)
and Timor (Hooijer, 1972). Also of note is the presence of sub-fossil material from cave deposits on the island of
Palawan in the western Philippines, dating to ca. 11,000 ybp (Reis and Garong, 2001).
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